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Historically, adhesion research related to energetic materials has been focused on 
examining the interaction between explosive crystals and the substrate of interest. However, 
this neglects the effects of the binder material in compounds such as Composition C-4. 
These types of explosives are actually agglomerates comprised of the energetic particulate 
material and some manner of liquid binder. In the case of Composition C-4, the energetic 
material is RDX (cyclotrimethylenetrinitramine) bound by a “liquid” mixture of rubber, 
plasticizer, and oil. By creating a simulant with the same mechanical properties as ‘live’ 
compounds, we may understand how the live materials behave during swabbing, improving 
the ability of swabbing in a security environment to effectively detect these non-ideal 
plastic explosives. Previous work to this effect has attempted to quantify the effects of 
applied force, while assuming a constant swipe speed. However, our results indicate that 
not only is the binder itself non-Newtonian, but the overall agglomerate behaves in a non-
Newtonian manner, as well. Hence, the swipe speed could perhaps be one of the principal 






Ultimately, this project aims to increase the current understanding of material 
behavior based on material properties, as well as operator procedure. Our most recent 
results indicate that our benign surrogate behaves very similarly to live C-4 in compression 
tests with regard to strain. These tests exhibit a significantly lower magnitude of stress due 
to the nature of the size distribution included in the overall composite. Our future work will 
involve tuning our particulate inclusions to establish the benign surrogate as an equivalent 
material with which contact sampling efficiency tests may be performed, ultimately 
furthering our current understanding of the mechanical properties of energetic-filled 
composites. This information will also enable further research to be conducted to evaluate 











CHAPTER 1. INTRODUCTION 
1.1 Motivation 
The trace explosives detection community has decided to evaluate 
cyclotrimethylenetrinitramine (RDX) and Composition C-4 as two of the benchmark 
explosive materials against which to evaluate detection thresholds. C-4 is a plastic 
explosive comprised of 91% RDX by weight, with the remainder comprised of a polymeric 
binder. RDX is a standard crystalline explosive powder whose adhesion to the types of 
substrates and swabs found in an airport security setting has been widely studied and is far 
more easily understood in comparison with the more complicated composite explosive. 
The research presented here is therefore concerned with understanding the mechanical 
properties of Composition C-4 and how those properties control the adhesive nature of the 
composite. 
Because C-4 is comprised of 91% RDX powder and 9% liquid binder, it is 
considered a granular material. Accordingly, this work focuses on how granulation 
characterization techniques may be applied to the explosive material. In particular, uniaxial, 
unconfined compression tests are the most applicable to the current research challenges. 
Unfortunately, these tests are conducted on bulk material (tens of grams) while trace 





However, an understanding of the bulk material properties will aid the understanding of 
how these residues behave on the microscale. For example, over the course of this work, 
the binder viscosity was determined to be a major factor in controlling the bulk behavior.  
Finally, not only is the trace explosives detection field lacking in its current 
understanding of the bulk mechanical properties of live Composition C-4, the research may 
only be conducted at a very few research facilities with the ability to receive and test live 
explosive material. This limitation restricts the progress necessary to optimize trace 
detection. In addition to understanding the bulk mechanical properties of the explosive 
material, an additional priority of this research is to create a benign analog to the live 
explosive. If the bulk properties are understood, then they may be manipulated to create a 
composite material that behaves similarly to live C-4 without the RDX component. As such, 
research may be conducted at any facility interested in optimizing trace detection without 
requiring the presence of highly regulated material. 
 
1.2 Thesis Objectives 
The differences between the properties of the energetic materials of interest here 
(non-Newtonian, highly viscous binders) and the compacts studied previously (Newtonian, 
low viscosity binders) lead to the following testable hypotheses: 
1. The prior observations that show brittle failure at low capillary number (Ca) 
and plastic failure at high Ca will not be encountered here. The energetic 
materials are sufficiently viscous that failure is likely to be completely driven 





2. The non-Newtonian nature of the binders in the energetic materials produces a 
spectrum of local viscosities within a given compact under load, depending on 
the local motion of the solid fill material. When a chain of local regions of 
sufficiently low viscosity can form, the resulting ‘slip surface’ will allow 
deformation and failure of the granule. This complex behavior will drive the 
energetic materials to fail in a manner showing characteristics of both brittle 
and plastic failure. 
3. By matching the solid fill fraction and binder rheology in C-4 with inert analogs, 
the resulting inert model explosive will demonstrate similar mechanical 
behavior in granules undergoing compression. 
These hypotheses will be tested by first measuring the viscosity and strain rate 
dependence of the binder materials used in the current energetic materials. Preliminary 
results for this analysis are presented below. Next, two sets of model energetic materials 
will be fabricated. Idealized model materials will be fabricated using: 
1. silicone oils with viscosities similar to those encountered in the energetic 
materials and 
2. filler particles with diameters comparable to those encountered in the energetic 
materials. 
By studying these idealized materials, it will be demonstrated that the non-
Newtonian nature of the binders in the energetic materials controls their failure, and that 







Realistic model materials will be fabricated using 
1. a non-Newtonian simulated binder and 
2. filler particles with diameters comparable to those encountered in the energetic 
materials. 
By studying the failure of granules of model energetic material of the two forms 
described above, as well as that of granules of C-4 fabricated using the ‘real’ binder recipes 
but with the particles of explosives replaced with surrogate benign particles, we will be 
able to test the three stated hypotheses. 
 
1.3 Thesis Outline 
As stated, the primary goal of this research is to understand how the components of 
live C-4 influence the bulk granular behavior. Additionally, the creation of a benign 
simulant that behaves similarly to the bulk explosive is desired. Chapter 2 provides both a 
background in understanding the role of Composition C-4 in trace explosives detection, as 
well as a review of the literature describing bulk granular compression. Chapter 3 describes 
the powders and binders used to create ideal and benign, complex granular material, as 
well as the methods used in evaluating the compressive behavior.  In Chapter 4, the most 
ideal case is considered: granules prepared with unimodal particle size distributions and 
Newtonian binders. Chapter 5 expands the ideal granules to include bimodal particle size 
distributions. Non-Newtonian binders are introduced in conjunction with unimodal particle 
size distributions in Chapter 6. In Chapter 7, granules are prepared with bimodal particle 
size distributions and non-Newtonian binders, and the creation of a benign analog is fully 





included in Appendices A-D, respectively. Chapter 8 provides the conclusions of this study, 
along with some proposed future directions. 
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CHAPTER 2. LITERATURE REVIEW 
2.1 Trace Explosives Detection 
The U.S. Department of Homeland Security uses ion mobility spectroscopy (IMS) 
as a key component of its approach to interdict terrorists trying to pass through security 
checkpoints at airports.  This technology requires swabs that can effectively and 
reproducibly interrogate topography on baggage as it passes through the checkpoint.  
During this interrogation, the swab must contact explosives residues and adhere to them 
with sufficient force to allow detectable quantities of residue to be transported to the IMS.   
A key aspect of the development of improved swabs involves understanding the 
mechanisms of adhesive/cohesive failure within the energetic material as it is removed 
from a surface.  
Composition C-4 is comprised of 91% cyclotrimethylenetrinitramine (RDX) with 
9% polymeric binder. Current military specifications for RDX list ranges of particle 
diameters from <44 μm to <2000 μm [1,2]. Particles deposited from fingerprints may range 
from less than 1 μm to over 100 μm [3–7]. Despite this, the testing on particle removal is 
focused on particles less than 50 μm, neglecting any large particles under the assumption 
they will be easily removed during swipe sampling. Within these studies, no clear standard 





results of one study based on 10.3±0.4 μm, and approximately 20 μm in the other [6,7]. 
Notably, the size of particles deposited by a thumbprint on a surface of interest has not 
been fully evaluated, and the ability to recreate a standard print is lacking [3–7].  
Development in sampling technique has not been firmly established [3]. For IMS, 
certain standards apply: a swab must effectively remove solid particulates from a surface, 
withstand temperatures up to 300°C as employed by the IMS, and be affordable [3,4]. Most 
current studies consider either cloth or Teflon-coated fiberglass [3–7]. 
Several parameters have not been successfully controlled during the process of 
developing a successful wiping technique [6]. Variability exists in the applied force during 
swiping, the surface area covered, the swab material, the roughness of the swab and 
substrate materials, and the swipe velocity [3,6,7]. For example, the applied load may range 
from approximately 3N to 60N [3,5]. Studies by Verkouteren et al., claim first that the 
critical parameters in determining removal efficiency are applied load and the translational 
force required to overcome the frictional resistance to maintain a constant swiping velocity 
[3]. The group also claims a direct linear correlation between increased applied force of 
swiping and particle removal efficiency [3,5,6]. The residue viscosity at the speeds 
representative of those found in an airport security setting has not been tested. Verkouteren 
et al. indicate a swipe speed of 0.7 cm/s [3], while methods reported by the Environmental 
Protection Agency indicate swipe sampling speeds of 10 and 17 cm/s [8]. Note that the 
speed of a swipe directly correlates to the strain rate, and thus the viscosity of the non-
Newtonian binder. All of these parameters require investigation to more fully understand 





Generally, previous studies have focused on manipulating applied force and 
attempting to create methods of consistency for swab operators [3,6,7]. However, the above 
studies do not typically analyze the effects of roughness on the adhesion of a particle to 
either the swab or the substrate. Overall adhesion forces are not fully evaluated, as most 
tests performed are attempting purely to establish a methodology. The deformation and 
failure of the composite are not evaluated. All of these, as well as the known issues 
mentioned earlier, could be more easily addressed if benign analogs for the live explosive 
composites were established. 
 
2.2 Granulation Overview 
Numerous industries are involved with the production of granular materials, 
including pharmaceuticals, foods, agriculture, ceramics, and many others [9–41]. Within 
these industries, knowledge of granular behavior can aid the overall process by reducing 
or enlarging the overall granule size, improving homogeneity of granule size or binder 
distribution, and reducing the presence of fines, in order to improve compaction, transport, 
or storage conditions, among other possibilities [9,10,14,17,19,22,23,25,26,28,30,33,42–
45]. These industries may prioritize the study of dry agglomerates (dry powder only) or 
wet granules (dry powder mixed with a liquid binder) [9,14–16,40,46–50]. Further, 
granulation may occur within several types of equipment: high shear mixers, drum 
granulators, and fluidized bed granulators are three of the most common [9,10,15–17,19–
22,24–26,28–31,33,36,37,39,41–43,49,51–86]. Of these, high shear mixers are some of the 
most commonly studied. High shear mixer granulators typically spray or pour liquid onto 





used in pharmaceuticals, foods, and detergents to minimize segregation, thereby increasing 
overall homogeneity [51]. While the study of granulation has historically been considered 
“more art than science,” this is changing as the field grows and matures [28,33]. 
To understand granulation, the process is commonly broken into three principle 
categories: nucleation and binder distribution, consolidation and growth, and attrition and 
breakage [9,10,22,23,25–28,33,51,56,71,72,76,81,82,87–89]. Generally, nucleation is 
considered the creation of new granules from the constituent particles [10]. If a liquid 
binder is present, nucleation will occur as the added liquid binds the powder into larger 
granules [26,30,71,72,87,90]. Growth and consolidation refers to an increase of size from 
the original nuclei, often as a result of layering (where new particles adhere to the exterior 
of the existing granule) or coalescence (where multiple particles collide and adhere) 
[10,37,51,60,86,91]. Finally, breakage and attrition refer to the reduction in size of the 
granular material by granule failure due to shearing, impact, wear, and abrasion,  [10,19]. 
Of these, the attrition and breakage are arguably the least understood, though the field is 
beginning to focus on the optimization and understanding of this granulation mechanism 
[9,10,17,19,44,51,62,68,85,88]. 
Commonly, the term breakage is used in conjunction with wet granulation, while 
attrition refers to the breaking apart of dry agglomerates [33]. Additionally, binder is 
sometimes added to facilitate granule growth, and then allowed to evaporate leaving behind 
a strongly adhering system of dry particulate agglomerates [17,18,20,36,37,41,44,92]. All 
of these systems may be subject to a variety of forces between dry particles, particles and 






 General Granular Forces 
Most granulation studies focus on the attrition of dry systems, as wet systems tend 
to be far more inelastic and nonuniform [21,38,44,45,49,93,94]. However, none of these 
systems is perfectly ideal, and wide variability exists for all granular matter, in part because 
the inherent inhomogeneity of all granular material leads to nonuniform distribution of 
applied stress [44,95]. Despite the variability in the research conducted to date, most agree 
that there are numerous material properties affecting granular behavior (particle size, size 
distribution, shape, surface area, surface roughness, porosity, surface chemistry, binder 
viscosity, and viscoelasticity) and find difficulty in appreciating all parameters 
simultaneously [1,11,13,15,19,21,23,28,30,42,52,72,76, 80,81,88,89]. Instead, the overall 
strength of a granule is often considered, with experiments designed to assess the impact 
of a few parameters [9,10,14,18,27,29,31,40,43–45,78,88,91,98–102]. This strength is 
considered the stress at which macroscopic damage or plastic deformation is observed, or 
perhaps more simply the resistance to breakage [9,19,37,44,48,88,97].  
There is general agreement that the interparticle bonding mechanisms drive 
granular strength, as observed between dry particles, between particles and liquid binder, 
and within the binder itself [9,10,14,18,27–29,31,38,40,43–45,49,78,88,91,97–104]. With 
respect to the binder, forces may arise due to an immobile liquid film surrounding particles, 
liquid bridges, and viscous effects from interstitial liquid [9,10,14,18,27,29,31,40,43–
45,78,88,91,98–102]. The liquid films are dependent on the surface energy between the 
particles and binder [9,28,30,38,41,47,50,88,89,93,95,97,103–105]. The liquid bridges 
tend to form capillaries between particles, and the associated force is derived from the 






97,103–106]. The interstitial liquid may increase granule strength if the viscosity of the 
liquid is great enough [9,28,29,38,44,49,88,97,103,104]. These liquid effects complicate 
the study of granular strength, and have differing effects when the liquid content increases. 
If the film surrounding particles increases sufficiently, a lubrication effect may be observed 
to decrease the overall strength of the granule [21,30,41,71,97,103,104]. An increase in 
granule strength due to liquid bridge formation has been observed for increasing binder 
content [9,14,21,28,30,36,38,41,45–47,49,50,78,88,89,95–97,103–106]. If enough binder 
is present, then the viscosity of the liquid may allow the dissipation of applied force, 
reducing breakage [9,41,49,88,104]. The overall effect of these liquid-based forces will be 
further described in Section 2.2.2. 
There are three principle factors concerning dry particle adhesion: solid bridges, 
the forces that exist between two solid surfaces (such as the van der Waals force) and 
friction. Solid bridges may be present following chemical reactions, crystallization, and 
sintering, and these are typically among the strongest forces in granulation studies 
[9,14,18,37,49,88]. The types of forces observed between two solid surfaces are varied, 
and will be described briefly in the next section. [9,18,88,107]. The effects of friction 
resisting breakage has also been considered for dry systems [9,23,29,31–34,37–40,43–
45,54,66,69,71,80,88,92,96,97,101,106,108,109].  Solid bridging, dry adhesion forces, and 
friction will only dominate for dry systems, as the presence of interstitial liquid will vastly 
reduce the effects. Liquid films will eliminate solid bridging and dry adhesion. Liquid 
bridges may allow some dry forces to interact at surfaces that are not in contact with liquid, 
though the effect is certainly more complicated. While friction may still impact areas of 






system [9,18,21,88,98,103]. The jamming of particles resulting from mechanical 
interlocking occurs with and without the presence of a binder, and may well result from 
irregularly shaped particles. 
Despite the challenges facing granulation research, the community has identified 
several key trends relating the packing fraction, granular saturation, and porosity 
[27,28,31,37,39,44,46–48,50,51,78,88,91–93,95,97,104]. Notably, if the packing fraction 
is optimized, the granular strength will increase due to the increased number of interparticle 
contacts per unit volume resisting motion [45,47,48,50,88,91,95]. Conversely, the 
randomized, chaotic packing fraction often observed in irregularly shaped particles will 
result in fewer interparticle contacts per unit area, thus decreasing granular strength 
[47,48,50,88,91,95]. Decreasing particle size will also increase the number of interparticle 
contacts, resulting in an increase to granular strength [9,10,14,29,30,43,45,60,71,91, 
92,100]. The use of a bimodal particle size distribution also has the effect of optimizing 
the particle packing, though this effect is largely unstudied [12]. 
Granular saturation (S) is defined by the volume of liquid (Vl) in the interstitial 
space (combined volume of the liquid and air, Va) (equation 2.1). The solid fraction (ys) of 
the granule is the volume fraction of solid particles (Vs) within the total granule volume (Vl 
+ Va + Vs). Equivalent calculations may be performed for the liquid fraction (yl) and the air 
fraction (ya). If the solid fraction (equation 2.2) remains constant, then increasing the 
saturation results in replacing air with liquid in more of the interstitial space. The material 
fraction (yi) is defined by the volume of an individual component (i) divided by the total 
volume of the granule. The individual component may be solid (s), liquid (l), or vapor (a), 






fraction of total interstitial space within the granule as defined by the volume of the total 
non-solid volume (air and liquid) within the total granule volume (equation 2.3). 
Decreasing the porosity often increases strength by allowing a greater number of 
interparticle contacts, increased friction, or increased jamming [43,88]. Meanwhile, 
increasing the saturation can have the effect of decreasing interparticle interaction due to 
the increased amount of liquid surrounding particles [78]. This can aid lubrication within 
the granular material, reducing its overall strength. A highly saturated granule will deform 
plastically, while low saturation is often associated with brittle failure [39,78,97]. However, 
without knowing the details of all of the forces mentioned here, particle behavior is difficult 















𝑉𝑙 + 𝑉𝑎 + 𝑉𝑠
 (2.3) 
 
 Dry Adhesion 
There are several forces acting on a given system. These include chemical bonding, 
hydrophobic, solvation, hydration, electrostatic, capillary, and van der Waals forces. Of 
these, chemical bonding is generally the strongest, ranging from approximately 100-1000 






the particles considered for this research are not reacting (i.e., bonds are neither being 
created nor destroyed), these forces can be generally disregarded. Hydrophobic interactions 
have been studies elsewhere but are not relevant to the system evaluated here, as all studies 
are conducted in air [110]. However, the study of dynamically deforming particles will 
likely not involve submersion in an aqueous environment, so these forces may be ignored, 
as well. Weak solvation forces (0.1-1kJ/mol) apply pressure to the sample on a scale of 
0.4-1nm, removing solvents from the system. Hydration forces involve the creation and 
breaking of hydrogen bonds on a scale of less than 0.1 kJ/mol and in systems of 3-5 nm 
[110]. All of the interactions observed in the systems studied here will occur over a much 
larger length scale compared with the length scales of the forces described here. 
Accordingly, the trace explosives community tends to focus on the forces dominating at 
more appropriate length scales, such as electrostatic, capillary and van der Waals forces.  
However, the three remaining forces (electrostatic, capillary, and van der Waals) 
have historically been significant areas of research in dry granulation. Electrostatic forces 
can occur when the medium surrounding the particle and substrate is air.  These forces 
range from 0.1-10 kJ/mol in systems with intersurface separation distances of 0.4-50 nm. 
The magnitude of the force observed for electrostatic interactions is somewhat smaller than 
that for the van der Waals forces (which will be discussed below). However, because the 
research here is conducted on wet granular material, electrostatic forces are expected to be 
negligible [111]. 
Capillary forces can also affect the system, as these forces are typically observed 
in systems of with intersurface separation distances on the order of 5-50 nm and span 10-






encompasses the range of van der Waals forces, as well. Capillary forces may well be 
significant for the systems studies here, and will be addressed from a granulation 
perspective in Section 2.2.4 [111]. 
Historically, the most important considerations regarding trace explosives detection 
research, however, are van der Waals (vdW) forces. These forces are significant on a scale 
of 0.4-30 nm of intersurface separation and 10-100 kJ/mol [110]. The van der Waals force 
for a spherical particle against a smooth substrate is given by equation (2.4) [107,111], 
where F is the force, A is the Hamaker constant (which will be described later), R is the 
radius of the sphere, and z is the separation distance between the particle and the substrate. 






 Theoretical Models 
While there is some experimental data, much of the research conducted attempts to 
model granular behavior, though much of this is focused on dry adhesive systems. Some 
of the more common models include the Johnson-Kendall-Roberts (JKR), Derjaguin-
Muller-Toporov (DMT), and Maugis-Pollock models, which will be described here 
[9,18,21,34,44,48,51,85,88,95,97]. Following these models will be a discussion of models 
that have taken the basic principles of these theories and applied them to bulk granular 
systems. 
To date, the research for trace explosives detection has focused on equilibrium 






necessarily describe the systems to be studied, background knowledge is important for a 
complete understanding of trace explosives detection. In this regard, five major models 
have been developed to describe the equilibrium contact mechanics of the adhesion of 
particles against other particles and substrates: Hertz, Johnson-Kendall-Roberts (JKR), 
Derjaguin-Muller-Toporov (DMT), Maugis-Pollock (MP), and Maugis-Dugdale (MD). 
The Hertz theory of contact mechanics describes the ideal elastic response between 
nonadhesive surfaces, which he studied by observation of glass spheres [107,112,113]. The 
theory assumes that contact between surfaces will form an ellipsoid [114]. Hertz based his 
theory upon four major assumptions: that the surfaces are nonconforming and continuous, 
the strain affecting the surfaces is small, each solid is modeled as an elastic half-space, and 
all surfaces involved are frictionless [114]. The spheres form a hemispherical pressure 
distribution, with the maximum pressure at the center of the contact area [107]. Hertz then 
concluded that for cylinders in contact, the contact width and contact pressure increased by 
the square root of the applied load, whereas the contact radius and pressure for circular 
contact is defined by the cubed root of the applied load [114]. For three-dimensional 
contact, the elastic compression of two approaching bodies is proportional to the applied 
load raised to the 2/3 power [114]. Hertzian theory of contact deformation without adhesive 
forces is still commonly assumed for soil mechanics and earth sciences [107]. 
Both the JKR and DMT models heavily rely on the Hertz theory for contact 
mechanics, but both added adhesion effects to the field of contact mechanics [115–118]. 
Roberts (of the JKR model) noted that the contact made between the windshield wipers on 
his car and his windshield was significantly larger than anticipated by the Hertz theory 






Hertzian theory of contact mechanics [107,112,117,119], while maintaining that all 
interactions occur within the radius of contact [115,120]. The DMT model assumes that 
the contact region follows Hertzian mechanics, but that half of the interactions attributed 
to contact mechanics occur outside of the radius of contact [119–123]. Several other key 
differences exist between the JKR and DMT models. Where the DMT model assumes 
separation between particle and substrate will occur when the radius of contact decreases 
to zero, the JKR model assumes that the particles will separate despite a finite contact 
radius [121]. Additionally, the JKR is widely viewed as valid for large, soft particles with 
low elastic moduli and high surface energy; the DMT model is more accurate for particles 
that are rigid and small, have a high modulus of elasticity, and exhibit low surface energy 
[118,120–122,124–126]. The addition of a function to describe the behavior of viscoelastic 
materials (such as creep) is not trivial [112]. Viscoelastic materials exhibit increased 
adhesion due to inelastic deformation, which increases the area of contact significantly 
[127]. 
The Maugis-Pollock theory includes both adhesion and plastic deformation effects. 
The MP theory is based on the JKR model, but compensates for plastic deformation [121–
126]. This theory relies heavily on the yield strength of the particle and substrate [128].  
Finally, the MP theory describes four basic results: adhesion and stresses may cause plastic 
deformation; contact separation may be brittle or ductile; loading and unloading curves 
describe the effect of stored elastic energy; and the adhesion energy greatly impacts the 
effect of applied load on adherence curves [129]. Later, Maugis published the Maugis-
Dugdale theory. The MD theory includes adhesive effects, contributed in part by Hertzian 






Unfortunately, all of these models described in this section describe an equilibrium 
state between the particle and particle or substrate. To quote S. Iveson: “All models are 
wrong; some are useful” [80]. To enhance these studies from a granulation perspective, 
several authors have looked to create models incorporating granules formed from 
numerous particles. However, they are largely focused on dry systems, neglecting any 
effects of liquid at particle surfaces, plastic deformation, and viscosity [13,18,21,100]. 
Even when viscosity is included, for example, only Newtonian mechanics are considered 
to reduce material complexity [27]. These are not very effective at predicting wet granular 
deformation and failure, especially when a clear plane of failure is required, as with the 
Mohr-Coulomb criterion [9,21,23,32,44,45,88]. As such, the Rumpf and Kendall models 
are the most popular for studying granular materials [14,18,20,21,23,24,31,40,41,46,47,51, 
60,71,93,96,99,106,130]. 
The Rumpf model relies on the assumption that all bonds rupture simultaneously 
along a single plane of failure [9,11,20,71,88,99]. Because the model only considers 
interactions of dry particles, Hertzian mechanics and dry adhesion were used to develop a 
predictive model for granular behavior [99]. This model has proven very useful for 
understanding particle caking, as observed in downstream industrial processes [11]. 
However, even extensions to this model consider moist agglomerates to be brittle [78]. 
Additionally, the model considers only spherical particles of uniform size [78]. Often, the 
particle interactions are modeled as elastic, which further neglects any impact of plasticity 
within the particulate material itself, as well as effects of any added binder material [20]. 
Where the Rumpf model assumes all failure occurs simultaneously along a single 






propagate through the system, as cracks form and progress outward from a point of high 
stress concentration [14,20,51,100]. The Kendall model also expands the Hertzian analysis 
to include JKR mechanics, in addition to crack nucleation and propagation [9,11,44,88]. 
This model correctly identifies the influence of packing fraction and powder 
inhomogeneity on crack formation [14,20,51,100]. It also attempts to account for solid 
volume fraction and particle size [11,14]. Similarly to the Rumpf model, the Kendall model 
requires the presence of a clear plane of failure [44]. While the Rumpf is highly useful for 
particle caking, the Kendall model is frequently used in conjunction with the crushing of 
dry granules [11]. 
Naturally, neither of these models is ideal, as even dry agglomerates provide a 
highly complex system of particle interactions [11]. Additionally, these models only 
provide insight to static strength, neglecting the dynamic deformation of agglomerates [51]. 
Further, even when wet systems are considered, the binder is typically water, and any 
influence of viscosity is neglected [11,14,46]. 
Finally, some analysis has been conducted with respect to particles within granular 
material, granules within granulators, and population balances [9,10,15,19,24,28,30,38,39, 
49,51,78,80,88,89,97]. These are often related to a Stokes deformation number, which 
relates the velocity between interacting particles to the characteristic stress of the granule 
[9,16,17,19,22,23,27–29,33,37,41,43,51,55,56,60,62,73,89]. Unfortunately, these are not 
yet capable of capturing all of the mechanical properties necessary to fully describe 
granular deformation [17,33,60]. Additionally, most of the simulations involving the 
discrete element method (DEM), finite element method (FEM), or other numerical methods 






more practical, immediate understanding of the mechanical properties affecting wet 
granulation, an experimental analysis will provide the most insight. 
 
 Wet Granulation 
The work presented here is largely focused on the breakage of wet granules, where 
the primary modes of failure are considered plastic and brittle [51]. Typically, wet 
granulation involves a dry powder combined with a liquid binder to produce granular 
material [9,10,88]. Granules undergoing plastic deformation will deform largely without 
the presence of any principle cracking, while brittle failure is easily identified by the 
presence of a major crack or cracks [51,68]. In either case, there is no significant elastic 
recovery of the material. For the purposes of the research presented here, agglomerates 
have already formed, and the author is only interested in attrition and breakage. The 
primary failure modes for wet granules are plastic and brittle. When plastic failure occurs, 
the material may deform with no major crack and no peak stress from a stress-strain 
analysis [131]. The material may be described as flowing like a paste or smearing [33,131]. 
Brittle failure occurs after a major crack forms; a peak flow stress will clearly be present 
[131]. In either scenario, the deformation or failure is not recoverable [31]. 
One mechanism by which these forces may be manipulated is the addition of liquid 
to the agglomerate.  In most cases, by increasing the saturation level of the composite, 
capillary forces will increase [30,71]. This does not necessarily apply to fine, irregular 
particles  [71]. Meanwhile, friction decreases due to the lubrication of particulates 
[30,71,101]. Note that the applied strain will also affect composite behavior. At low strain, 






viscous forces provide the greatest contribution to agglomerate behavior [30,101]. 
Regardless, increasing the liquid saturation will increase the critical strain, as this value is 
dependent on binder properties primarily [71,101]. (Note that the critical strain is the 
transition between brittle and plastic failure [101].) Hence, manipulating these forces is 
often complex and requires study [71]. 
While some theoretical studies have been performed per Section 2.2.3, others have 
attempted to characterize granular behavior experimentally [51]. Often, research is 
conducted in tension, though this will only be effective for dry granules or very strong wet 
granules capable of withstanding the experimental setup without significant deformation 
[21,44]. Similar studies are conducted with hardness and impact tests, three-point bending 
studies, indentation analysis, and others – but these are subject to the same critical 
complication described for tensile testing [9,13,14,20,21,23,33–35,44,48,51,69,71,78,85, 
88,97,100,106]. To counter this, many studies have been conducted for the diametrical 
compression of wet and dry granular material [13,18,34,40,51,78,85,88,93,130,132]. 
While this provides significant visual insight to failure, axial tests tend to provide much 
better characterization insight [9,12,31,32,44,51,68,78,88,101]. This is especially true for 
wet granular systems. If a system is dry or sufficiently brittle, a clear plane of failure may 
be visible [18,34,35,85,93,97,100,102,103]. However, in granulator studies, sufficiently 
wet granules are more likely to form a paste on the granulator wall [15]. This practical 
transition between brittle failure and plastic failure is difficult to characterize for granular 
materials, and is the primary focus of numerous recent studies on the dynamic compressive 







2.3 Dynamic Deformation of Wet Granules 
Currently, little agreement exists regarding a formal model or set of predictions for 
agglomerate breakage [9,31,51]. Several authors have established a model by which failure 
of a composite comprised of solid primary particles (solids) held together by a liquid matrix 
(binder) may be classified based on the dimensionless strength and capillary numbers of 
the composite [9,31,32,51,101,131]. These previous works suggest that granule failure will 
occur based on the properties of the particles and binder material in the manner shown by 
equations 2.2-2.4, which is a system of dimensionless groups [29,31,32,51,56,68,101]. 
Here, σp is defined as the peak flow stress; d32 is the specific surface mean particle size (or 
Sauter mean); γlv is the binder surface energy; θ is the liquid-vapor contact angle; μ is the 
binder viscosity; 𝜀?̇? represents the strain rate; μf is the coefficient of internal friction; S is 
the granule liquid saturation; and Φ is the granule packing fraction. Note that particle shape 


















The left side of equation 2.2 is the dimensionless peak flow stress or dimensionless 
strength, Str*, which is shown in equation 2.3, and which represents the dynamic strength 
normalized against capillary forces [29,31,32,51,56,101,131]. The first term on the right 






ratio of viscous to capillary forces. Generally, viscous forces are considered dominant 
when Ca>10-4 [51,101]. The remaining terms are often considered constant within a system, 
allowing research to focus on the relationship between the dimensionless peak flow stress 
and the capillary number [51].  
The dimensionless strength may be considered to be the ratio of the normal forces 
required to cause granule breakage to the interfacial forces resisting movement of the 
binder away from the solid.   Similarly, the capillary number may be considered to be the 
ratio of viscous forces resisting shear within the binder to the solid-binder adhesion 
interactions resisting motion of the binder past the solids. At low Ca in these systems, 
failure is classified as semi-brittle and is usually observed to be independent of strain rate 
and binder viscosity. The behavior generally transitions to plastic failure at high Ca. Here, 
catastrophic failure does not typically occur in that no clear plane of separation is observed. 
Instead, the compact deforms/flows under the applied load.  Significant void creation 
occurs without the presence of observable “cracks” where the material has catastrophically 
deformed. In practice, the granular material may be maintained as a single deformed piece 
simply due to the behavior of the compact being dominated by viscous forces. Large cracks 
do not generally form, as the viscosity of the binder allows the applied load to be dissipated 
through the system with only catastrophic deformation – not failure.  
Much of the work published regarding the dynamic wet granular failure has focused 
on binder viscosity, interfacial parameters (surface tension and contact angle between the 
binder and primary particles), and particle size and shape [9,10,15,23,29,31–
33,37,42,43,51,53–56,58,62–64,68,101,103,133–142]. Much of this work indicates that an 






[9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–64,68,101,133–140,143]. Additionally, an 
increase to particle size is predicted to result in a decrease in particle strength due to the 
reduced number of interparticle contacts per a specific volume [10,12,31,51,79,101]. 
However, very few studies exist to create a comprehensive model to describe the behavior.  
These prior studies have been based on well-classified particles bound with a low viscosity 
Newtonian liquid, and are relevant to the pharmaceutical industry [9,31,32,51,101,131].  
The energetic materials of interest here (Composition C-4) involve irregular particles 
bound with high viscosity non-Newtonian fluids. Additionally, the solid fill fraction by 
volume is significantly greater for the energetic materials than in the systems previously 
examined. Table 2.1 shows representative properties of the systems studied previously and 
the energetic materials systems considered here.   
Based on the values in Table 2.1, the denominators in the Str* and Ca for the 
systems previously studied range from ~ 0.01 – 0.07.   However, the viscosity of the binders 
for the energetic materials are orders of magnitude larger than those in the prior studies, 
and the average particle diameter is much larger as well.  For these reasons, the viscous 
forces are expected to have a substantially larger effect in the energetic materials than in 
the systems studied previously, and the values of Ca will also be substantially larger for 
the energetic materials than for the prior cases.  In prior works, most data have collapsed 
onto a general curve, shown in Figure 2.1 [32]. At low Ca in these systems, failure is 








Table 2.1. Characteristics of energetic materials compared with  model granules in existing 
breakage studies [9,31,32,51,101,104,131,144,145] 
Parameter Prior Studies Energetic Materials 
Binder surface tension 0.02-0.08 N/m 0.02-0.03 N/m 
Binder-solid contact angles 25-63° 1 38-44° 
Binder viscosity 0.001-44 Pa*s 700-800 Pa*s 
Solid fill fraction 0.13-0.512 0.61-0.78 
Solid particle size 4-100 um3 8-205 um 
1The values are estimated here using Young’s equation ( 𝛾𝑠𝑜𝑙𝑖𝑑−𝑏𝑖𝑛𝑑𝑒𝑟 + 𝛾𝑙𝑖𝑞𝑢𝑖𝑑 𝑜𝑛𝑙𝑦 cos 𝜃 = 𝛾𝑠𝑜𝑙𝑖𝑑 𝑜𝑛𝑙𝑦 ), 
where γ is the surface energy [146]. In three of the references given, the contact angle measurements were 
either not taken or assumed zero [31,32,101]. Smith assumes values from literature or “estimation” [51,131] 
(Note that the method of estimation is not given.) Simons claims to have calculated the contact angle, but 
gives no results or any manner of verifying the claim [104]. Only Ramachandran directly found a contact 
angle for the system of interest [145]. 
 2Ramachandran uses a solid fill fraction of 0.87-0.90 [145]. 




The failure transitions to plastic failure at high Ca. Here, catastrophic failure does 
not typically occur. Instead, the compact deforms/flows under the applied load.  In this 
case, the behavior of the compact is dominated by viscous forces. Large cracks do not 
generally form, as the viscosity of the binder allows the applied load to be dissipated 
through the system without catastrophic failure. 
 
2.4 Summary 
This chapter has reviewed the existing knowledge of the mechanics of the behavior 
of Composition C-4, and the application to swipe sampling. Because this knowledge is 
severely limited with regard to the composite material, a new method of analysis is 
necessary to evaluate C-4 as a complex granular material. To this end, a background in wet 
and dry granulation is provided, to further illuminate the challenges facing the study of this 






as a wet granular material. Due to the nature of swipe testing (as opposed to granulator 
testing), the deformation of granules under dynamic load will be the primary focus of the 
research presented here. Once C-4 is better understood from a granular deformation 
perspective, the creation of a benign analog becomes possible, allowing greater research 




Figure 2.1. Dimensionless analysis of granule failure as evaluated by Iveson et al. [32]. 
Granules in region 1 undergo brittle failure, while granules in region 2 are said to fail 
plastically. The granules were composed of 35 µm glass ballotini with binders as indicated. 






CHAPTER 3. MATERIALS AND METHODS 
3.1 Materials 
Previous studies have examined the effects of particle size and binder viscosity for 
relatively low viscosities [9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–64,101,131,133–
140]. While many of these authors have noted that an increase in binder viscosity results 
in an increase in granular strength, very few have examined granular material with binders 
above 5-10 Pa·s. This work increases knowledge of viscous effects on granular strength 
through approximately 2,400 Pa·s. The pellets were comprised of silica or glass powders 
bound with highly viscous silicone oils.  
 
 Powders: Unimodal Size Distribution 
Four unimodal powders were used in this work: two silica powders and two glass 
powders (Figure 3.1). These particles were chosen based on their relative similarity to the 
RDX size distribution used in the preparation of live C-4 (Table 3.1) [1,2]. Note that the 
designations “coarse” and “fine” refer to cumulative particle size distribution. That is, the 
particles fitting through the 200 mesh sieve are included in the percent of particles fitting 
through the 100 mesh sieve. For studies examining the effect of unimodal particle size 






The glass particles were supplied by Sigma-Aldrich in size fractions of 30-40 mesh 
and 50-70 mesh. The silica was supplied at 40-150 mesh from Sigma-Aldrich and 30-40 
mesh from VWR. A number of particle size characteristics were evaluated, including the 
surface weighted mean (Sauter mean diameter, x32), the volume weighted mean (x43), the 
10th percentile diameter (x10), the median diameter (x50), the 90
th percentile diameter (x90), 
and the circularity (C). The averages and standard deviations of these characteristics are 
shown in Table 3.2. The circularity of a powder is calculated by equation 3.1, where the 
area (A) and perimeter (P) may be readily obtained via the ImageJ software package [147]. 
For reference, lactose (a commonly used, highly irregular powder) has a circularity of 0.72 
as reported by Smith et al., and highly spherical glass ballotini are often found to have 
circularities ~0.9-0.95 [51]. Here, the small silica powder is considered highly irregular, 
and the glass powders are both spherical. The large silica powder is moderately uniform in 
shape. The cumulative size distributions are shown in Figure 3.2. This data was evaluated 








 Powders: Bimodal 
Two size fractions of silica particles were used to create bimodal particle size 
distributions for this work (Figure 3.3): 30-40 mesh silica and >230 mesh silica. The 30-
40 mesh silica was supplied by VWR, and Sigma Aldrich provided >230 mesh silica 







Table 3.1. RDX size distribution for use with Composition C-4 [1,2] 
U.S. Standard Sieve No. Particle Size (μm) Coarse (%) Fine (%) 
325 44 n/a 97 
200 74 18 n/a 
100 149 35 n/a 
50 300 90 n/a 
20 841 98 n/a 
 
Table 3.2. Particle size characteristics for small and large fractions of glass and silica 
particles. 
Sample x43 (μm) x32 (μm) x10 (μm) x50 (μm) x90 (μm) Circularity 
50-70 mesh glass 269±10 252±09 189±10 260±09 360±21 0.88±0.06 
30-40 mesh glass 557±19 551±40 381±41 541±18 759±55 0.88±0.04 
40-150 mesh silica 223±07 208±07 155±06 215±07 300±09 0.75±0.08 
30-40 mesh silica 338±30 279±36 170±31 312±37 547±28 0.81±0.06 
1 mm a 1 mm b 
1 mm c 1 mm d 
Figure 3.1. Optical microscopy images of the 50-70 mesh (a) and 30-40 mesh (b) glass 







characteristics were evaluated via a Malvern Mastersizer 2000 Light Diffraction Particle 
Size Analyzer, including the surface weighted mean (Sauter mean diameter, x32), the 
volume weighted mean (x43), the 10
th percentile diameter (x10), the median diameter (x50), 
the 90th percentile diameter (x90), and the circularity (C). The data for the unimodal >230 
mesh silica is shown in Table 3.3. The 30-40 mesh silica and >230 mesh silica were mixed 
to create two bimodal size distributions: The first bimodal distribution is comprised of 75% 
30-40 mesh silica mixed with 25% >230 mesh silica by mass. The second bimodal 
distribution was prepared with 50% each of the 30-40 mesh and >230 mesh silica particles 
by mass. The cumulative size distributions for the bimodal distributions are shown in 





























Figure 3.2. Cumulative particle size distributions for 30-40 mesh (large) silica, 40-150 







Table 3.3. Particle size characteristics for the >230 mesh silica particles. 
Sample x43 (μm) x32 (μm) x10 (μm) x50 (μm) x90 (μm) Circularity 
>230 mesh silica 41±14 4±03 3±01 27±06 95±42 0.76±0.14 
 
 
























Figure 3.4. Cumulative particle size distributions for 75% 30-40 mesh silica/25% >230 
mesh silica and 50% 30-40 mesh silica/50% >230 mesh silica. 







 Binders: Newtonian 
All of the particle size fractions and distributions were mixed with 
polydimethylsiloxane (also referred to as PDMS or silicone oil) with eight different 
viscosities: 12, 29, 58, 97, 289, 579, 965, and 2,413 Pa·s. Because PDMS is a Newtonian 
fluid, the viscosity has been assumed constant at room temperature (the temperature of the 
study). Additionally, the surface energy of silicone oil is assumed to be 0.0228 N/m [148], 
and to be independent of viscosity. 
 
 Binder: Non-Newtonian 
The non-Newtonian binder used in these studies is based on a C-4 binder with a 
known recipe consisting of di(2-ethylhexyl) sebacate (59wt%), polyisobutylene (23wt%), 
















Figure 3.5. Frequency particle size distributions for 75% 30-40 mesh silica/25% >230 






 Live Composition C-4 
Non-pressed (loose) live Composition C-4 consistent with the necessary military 
specifications was used in several studies [1,2,149]. This was supplied by Mike Koppes, 
the Director of Fire Protection Engineering at Purdue University. 
 
3.2 Methods 
 Binder Characterization 
Eight silicone oils (polydimethylsiloxane, PDMS) of varying viscosity from 12-
2,413 Pa·s were used in this study (specific values are: 12, 29, 58, 97, 289, 579, 965, and 
2,413 Pa·s). The surface energy of silicone oil is assumed to be independent of viscosity, 
and has been previously evaluated at 0.0228 N/m [146]. Silicone oil is a Newtonian fluid, 
and the viscosity was therefore assumed constant at room temperature. 
When mixed, the simulated C-4 binder described in Section 3.1.4 becomes a non-
Newtonian, shear-thinning fluid that decreases in viscosity with increasing shear rate 
(Figure 3.6). The viscosity of the binder was evaluated using a rotational rheometer from 
TA Instruments. The surface energy of the simulated binder was evaluated to be 0.20±0.10 
N/m using contact angle goniometry with a Ramé-Hart goniometer. 
 
 Pellet Formulation 
Each granule was comprised of either 90% particulate material by mass and 10% 
PDMS binder or 91% particulate material with 9% simulated C-4 binder. These were 
mixed by hand, with care taken to ensure uniform mixing. From the bulk material, granules 








in Figure 3.7, where the punch (a) is made from 304 stainless steel with a nylon cap may 
be inserted into a nylon tube (b). The granular material is loaded into the mold (b). The 25-
mm tall spacer (c) is set atop the mold (b) and the punch (a) placed through the spacer to 
compress the material in the mold to a height of ~25 mm. The punch and spacer are then 
removed, and the punch is reinserted to eject the formed granule. The resulting cylindrical 
pellets were 25 mm in diameter, with height ~25 mm. The height of each cylinder varied 
slightly, and exact values were determined during the compression experiments. (The 
protocols used were similar to those documented elsewhere [31,32,51,131].) Two 
configurations were considered: axial (cylindrical prism face perpendicular to direction of 
compression) and diametrical (cylindrical prism face parallel to the direction of 



























a c b 
Figure 3.7. Schematic of the mold used to form granules. The mold is comprised of a 25 
mm tall spacer (a), a mold tube (b), and the punch (c). The lighter colored material is wear 
resistant nylon, and the dark material is 304 stainless steel. The inner diameters of the tube 
and spacer are each 25 mm. 
a e c 







Figure 3.8. A series of granules in the axial orientation. All granules were prepared with 
289 Pa∙s PDMS. (a-d) refer to unimodal distributions of 40-150 mesh silica, 30-40 mesh 
silica, 50-70 mesh glass, and 30-40 mesh glass, respectively. The two bimodal distributions 
are given by (e) for 50% 30-40 mesh silica/50% >230 mesh silica and (f) for 75% 30-40 






All granules were prepared with constant saturation (S), constant porosity (εp), and 
constant solid, liquid, and air fill fractions (yi) by maintaining a constant solid/liquid ratio 
in the bulk granular mixture and compressing an approximately constant mass (20±2 g) to 
a known height, as evaluated by equations 2.1-2.3, respectively. Because the densities of 
all components may be considered constant, and air has a negligible mass, the volume of 
solid and liquid may be readily computed. To find the volume of interstitial air, the 
calculated volumes of the particles and liquid may be subtracted from the total volume of 
the pellet.  Granule saturation was evaluated at 0.434±0.11, with porosity of 0.42±0.07. 
The solid, liquid, and air fill fractions were maintained at 0.58±0.07, 0.18±0.03, and 
0.25±0.09, respectively. 
 
Figure 3.9. A series of granules in the diametrical orientation. All granules were prepared 
with 289 Pa∙s PDMS. (a-d) refer to unimodal distributions of 40-150 mesh silica, 30-40 
mesh silica, 50-70 mesh glass, and 30-40 mesh glass, respectively. The two bimodal 
distributions are given by (e) for 50% 30-40 mesh silica/50% >230 mesh silica and (f) for 
75% 30-40 mesh silica/25% >230 mesh silica. 
a e c 












 Dynamic Granule Compression 
Once formed, the pellets were placed between the lubricated platens of an Instron 
ElectroPuls E1000 and compressed at one of three velocities: 1, 10, and 100 mm/s, 
corresponding to engineering strain rates of 0.04, 0.4, and 4 s-1.  This method was repeated 
for all pellets. Each test was repeated no fewer than five times in the axial configuration 
and twice in the diametrical configuration. 
From these tests, the load applied at each point in time and the corresponding 
displacement of the granular material are documented. This information is then processed 
into engineering strains and engineering stresses via equations 3.2 and 3.3, where ε is the 
engineering strain, Δh is the change in height from the initial height (ho), σ is the 
engineering stress, F is the instantaneous applied force, and A is the cross-sectional area 
assuming uniform barrelling as the granule is compressed. The strain rate is calculated via 






























CHAPTER 4. COMPRESSIVE BEHAVIOR OF HIGH VISCOSITY GRANULAR 
SYSTEMS: EFFECTS OF VISCOSITY AND STRAIN RATE 
This chapter consists of a manuscript by Sweat ML, Parker AS, and Beaudoin SP, prepared 
for submission to Powder Technology in 2015. 
 
4.1 Abstract 
The compressive behavior of granular materials has been evaluated under a variety 
of conditions. Granules were formulated using two size fractions of two different 
particulate materials prepared with a polydimethylsiloxane binder ranging in viscosity 
from 12 Pa·s to 2413 Pa·s. The solids content of the granules was maintained constant at 
90% in all cases studied.  Granules were compressed at three different velocities (1, 10, 
and 100 mm/s). 
At these high viscosities, characteristics of the binder appear to have the greatest 
impact on granular behavior. Through ~300 Pa·s, the granule strength increases with 
increasing viscosity. Above this critical viscosity, however, the granular strength remains 
approximately constant within a given set of test parameters. The compression velocity 
also impacts the granular strength, as do the size and shape of the particulate inclusions 








A wide variety of industries make use of granulation processes – from 
pharmaceuticals and foods to minerals processing and agriculture [9,10]. Granulation can 
be considered the agglomeration of powder by a liquid binder [9,10,26,30,71,72,87,90]. 
The binder may be polymeric, where polymers are often used to hold particles together 
[9,10,87]. Granulation is often considered the result of three processes: nucleation and 
binder distribution; consolidation and growth; and attrition and breakage [9,10,26,28,33, 
51,56,71,72,76,87]. For the purposes of the research presented here,  attrition and breakage 
of pre-formed agglomerates is of interest, with a goal of addressing the lack of detailed 
understanding of this unique mechanism [9,56,62,71]. Generally, breakage refers to wet 
granules, while attrition is associated with dry granules [33]. The primary failure modes in 
wet granulation are plastic and brittle [51]. When plastic failure occurs, the material may 
deform with no major crack formation and no peak stress development during stress-strain 
analysis [51,131]. The material may be described as flowing like a paste or smearing 
[33,51,131]. Brittle failure occurs after a major crack forms; a peak flow stress will clearly 
be present [51,131]. In either scenario, the deformation or failure is not recoverable [31,51]. 
Three categories of forces are credited with agglomeration: capillary pressure, 
surface tension, and viscous forces [30,31,33,101]. While other forces (e.g., van der Waals 
and electrostatic, among others) do exist, their contribution to the overall force is negligible 
for primary particles larger than 10 μm [101]. Capillary and surface energy forces are 
attractive, while viscous forces and friction resist movement [30]. If capillary forces are 
dominant within a composite, then the composite will behave in a manner similar to that 






as a liquid [32]. However, without knowing the details of these forces mentioned here, 
granule behavior is difficult – if not impossible – to predict [101]. 
Currently, little agreement exists regarding a formal model or set of predictions for 
agglomerate breakage [9,31,51]. Previous work has suggested that granule failure will 
occur based on the properties of the particles and binder material in the manner shown by 
equations 4.1-4.3, which is a system of dimensionless groups [29,31,32,51,56,68,101]. 
Here, σp is defined as the peak flow stress; d32 is the specific surface mean particle size (or 
Sauter mean); γlv is the binder surface energy; θ is the liquid-vapor contact angle; μ is the 
binder viscosity; 𝜀?̇? represents the strain rate; μf is the coefficient of internal friction; S is 
the granule liquid saturation; and Φ is the granule packing fraction. Note that particle shape 


















The left side of equation 4.1 is the dimensionless peak flow stress or dimensionless 
strength, Str*, which is shown in equation 4.2, and which represents the dynamic strength 
normalized against capillary forces [29,31,32,51,56,101,131]. The first term on the right 
side of the equation is the capillary number (Ca), which is shown in equation 4.3 and is the 






when Ca>10-4 [51,101]. The remaining terms are often considered constant within a system, 
allowing research to focus on the relationship between the dimensionless peak flow stress 
and the capillary number [51].  
Failure of a composite comprised of solid primary particles (solids) held together 
by a liquid matrix (binder) may be classified based on the dimensionless strength and 
capillary numbers of the composite [9,31,32,51,101,131]. The dimensionless strength may 
be considered to be the ratio of the normal forces required to cause granule breakage to the 
interfacial forces resisting movement of the binder away from the solid.   Similarly, the 
capillary number may be considered to be the ratio of viscous forces resisting shear within 
the binder to the solid-binder adhesion interactions resisting motion of the binder past the 
solids. At low Ca in these systems, failure is classified as semi-brittle and is usually 
observed to be independent of strain rate and binder viscosity. The behavior generally 
transitions to plastic failure at high Ca. Here, catastrophic failure does not typically occur 
in that no clear plane of separation is observed. Instead, the compact deforms/flows under 
the applied load.  Significant void creation occurs without the presence of observable 
“cracks” where the material has catastrophically deformed. In practice, the granular 
material may be maintained as a single deformed piece simply due to the behavior of the 
compact being dominated by viscous forces. Large cracks do not generally form, as the 
viscosity of the binder allows the applied load to be dissipated through the system with 







4.3 Experimental Materials and Methods 
Previous studies have examined the effects of particle size and binder viscosity for 
relatively low viscosities [9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–64,101,131,133–
140]. While many of these authors have noted that an increase in binder viscosity results 
in an increase in granular strength, very few have examined granular material with binders 
above 5-10 Pa·s. This work increases knowledge of viscous effects on granular strength 
through approximately 2,400 Pa·s. The pellets were comprised of silica or glass powders 
bound with highly viscous silicone oils.  
 
 Materials 
Four powders were used in this work: two silica powders and two glass powders 
(Figure 4.1). The glass particles were supplied by Sigma-Aldrich in size fractions of 30-40 
mesh and 50-70 mesh. The silica was supplied at 40-150 mesh from Sigma-Aldrich and 
30-40 mesh from VWR. The surface energies for silica and glass are 0.03 and 0.04, 
respectively [150,151]. A number of particle size characteristics were evaluated, including 
the surface weighted mean (Sauter mean diameter, x32), the volume weighted mean (x43), 
the 10th percentile diameter (x10), the median diameter (x50), the 90th percentile diameter 
(x90), and the circularity (C). The averages and standard deviations of these characteristics 
are shown in Table 4.1. The circularity of a powder is calculated by equation 4.4, where 
the area (A) and perimeter (P) may be readily obtained via the ImageJ software package 
[147]. For reference, lactose (a commonly used, highly irregular powder) has a circularity 
of 0.72 as reported by Smith et al., and highly spherical glass ballotini are often found to 







irregular, and the glass powders are both spherical. The large silica powder is moderately 
uniform in shape. The cumulative size distributions are shown in Figure 4.2. This data was 
evaluated using a Malvern Mastersizer 2000 Light Diffraction Particle Size Analyzer. 




Eight silicone oils (polydimethylsiloxane, PDMS) of varying viscosity from 12-
2,413 Pa·s were used in this study (specific values are: 12, 29, 58, 97, 289, 579, 965, and 
2,413 Pa·s). The surface energy of silicone oil is assumed to be independent of viscosity, 
and has been previously evaluated at 0.0228 N/m [146]. Silicone oil is a Newtonian fluid, 





Figure 4.1. Optical microscopy images of the 50-70 mesh (a) and 30-40 mesh (b) glass 
particles and 40-150 mesh (c) and 30-40 mesh (d) silica particles.  
1 mm a 1 mm b 






Table 4.1. Particle size characteristics for the powders used in this study. 
Sample x43 (μm) x32 (μm) x10 (μm) x50 (μm) x90 (μm) Circularity 
50-70 mesh glass 269±10 252±09 189±10 260±09 360±21 0.88±0.06 
30-40 mesh glass 557±19 551±40 381±41 541±18 759±55 0.88±0.04 
40-150 mesh silica 223±07 208±07 155±06 215±07 300±09 0.75±0.08 




Each granule was comprised of 90% particulate material by mass and 10% PDMS 
binder. These were mixed by hand, with care taken to ensure uniform mixing. From the 
bulk material, the granules were compressed into a cylindrical mold of known size. The 
resulting cylindrical pellets were 25 mm in diameter, with height ~25 mm. The height of 
each cylinder varied slightly, and exact values were determined during the compression 
experiments. (The protocols used were similar to those documented elsewhere 



























Figure 4.2. Cumulative particle size distributions for 30-40 mesh (large) silica, 40-150 






perpendicular to direction of compression) and diametrical (cylindrical prism face parallel 
to the direction of compression). 
Once formed, the pellets were placed between the lubricated platens of an Instron 
ElectroPuls E1000 and compressed at three velocities: 1, 10, and 100 mm/s, corresponding 
to engineering strain rates of 0.04, 0.4, and 4 s-1.  This method was repeated for all pellets. 
Each test was repeated no fewer than five times in the axial configuration and twice in the 
diametrical configuration. 
From these tests, the load applied at each point in time and the corresponding 
displacement of the granular material are documented. This information is then processed 
into engineering strains and engineering stresses via equations 4.4 and 4.5, where ε is the 
engineering strain, Δh is the change in height from the initial height (ho), σ is the 
engineering stress, F is the instantaneous applied force, and A is the cross-sectional area 
assuming uniform barrelling as the granule is compressed. The strain rate is calculated via 






























4.4 Results and Discussion 
Previous studies predict that granule strength will increase with increasing viscosity, 
though these works stopped shy of the viscosities present in systems such as those studied 
here [15,23,29,31,32,37,51,54,58,62,63,101,131,133]. This work has examined the effect 
of viscosity in granules with binder viscosity ranging from 12 to 2413 Pa·s. This study has 
also included the effects of compression velocity, as well as the results of particle size and 
shape. 
 
 Typical compression test results 
An example of the typical results from the compression experiments performed in 
this work is shown in Figure 4.3. This example is for granules of 40-150 mesh silica in 97 
Pa∙s PDMS compressed at 10 mm/s (𝜀̇ = 0.43 ± 0.08 𝑠−1). Here, the average stress-strain 
curve from 5-10 replicates is indicated by the solid line. The dotted line represents one 
standard deviation from the mean. The bottom and left images (a) in each pair refer to the 
axial configuration while the top and right images (b) refer to diametrical granule 
configurations. The designations 1-4 refer to the time at which the image was taken: 1) 
initial (prior to test), 2) at peak flow stress, 3) halfway between the peak flow stress and 
strain = 0.5, and 4) at strain = 0.5 based on equation 4.4.  
The primary note regarding these test results is that minimal deformation has 
occurred at the strain corresponding to the peak flow stress. Catastrophic deformation in 
which significant plastic deformation of the granular material occurs without the presence 
of observable macroscale voids (or “cracks”) or a primary plane of failure of the granular 






earliest. The images in Figure 4.3 are representative of most of the experiments performed 
in that no “failure” of the material is truly observed, as is consistent for composites prepared 
with highly viscous binders. Specifically, at no point could a clear plane of separation be 
observed. Images 4a and 4b of Figure 4.3 show the appearance of small, external “cracks.”  
These voids are purely external – based on visual evidence, there are no observable 
non-external macroscale voids formed, nor is there a primary plane of failure. In spite of 
Figure 4.3. Typical compression test results. The solid line is the average result, and the 
dotted lines represent the standard deviation from the average. The surrounding figures 
correspond to the granule appearance at varying points through the test. (a) and (b) 
designations refer to the axial and diametrical configurations, respectively. The images at 
(1) are the initial shapes prior to any applied stress. The peak flow stress is reached at (2). 
(3) indicates a point approximately halfway between the peak flow stress and strain = 0.5, 
and the images at (4) correspond to strain = 0.5. This particular test is for granules 
comprised of 40-150 mesh silica particles in 97 Pa∙s PDMS compressed at 10mm/s (strain 






the substantial deformation and the void formation, these granules can generally be 
removed as a single, large mass following compression. 
 
 Analysis of viscous effects 
As previously stated, if viscosity of the granule binder increases, the overall 
granular strength is expected to also increase, though this effect has not been evaluated at 
very high binder viscosities [9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–
64,101,131,133–140]. The results for granular compression with binder viscosities ranging 
from 12 to 2413 Pa·s are shown in Figure 4.4 for 40-150 mesh silica at 10 mm/s 
compression rate. Here, the solid lines represent the average stress-strain curve. 
As can be seen, all of the stress-strain curves exhibit similar trends. The stress 
rapidly increases to a maximum at the peak flow stress followed by a sharp decrease to a 
minimum at strain ~0.3. As the strain continues to increase, the stress increases slightly, 
likely as a result of granule barrelling. This barrelling can be seen clearly throughout the 
experiment in Figure 4.3. At a point corresponding to a strain of approximately 0.35, a 
transition from unconfined compression to confined compression occurs. Initially, the 
granule is unconfined and freestanding. As the granule is compressed, the displaced 
material must relocate. Some of this may occur via filling of interstitial voids, but much of 
this material is expressed outwardly as barrelling, as shown in Figure 4.3. Once the 
barrelling begins to occur, the granule behaves as a central, cylindrical column of material 
confined at the top and bottom by the plates on the apparatus and confined at its outer 
radius by the presence of a wall of barreled material.  As compression continues, not only 






























































































































































































































































































































































































Also increases. This increase in contact area is most easily observed by comparison of the 
area in contact with the lower platen in Figure 4.3. After reaching strain ~0.35, radial 
displacement of granular material still occurs, but the barreled external material can neither 
break away from the central core, nor can it maintain further barrelling. As a result, a force 
develops in resistance to the compressive force, evidenced by a mild increase in the stress 
observed at high strain. 
For the lowest five binder viscosities (12, 29, 58, 97, and 289 Pa∙s), peak flow stress 
increases with binder viscosity. For viscosities greater than 289 Pa∙s, this trend no longer 
holds and analysis is simpler via comparison of the peak flow stress values alone (Figure 
4.5). Here, the increase in peak flow stress as a function of increasing binder viscosity is 
observed through 289 Pa∙s. However, there is no statistical difference in the peak flow 
stress above this viscosity, based on statistical equivalency analysis [152]. The likely 
explanation for this phenomenon is that the chain length (and subsequent chain 
entanglement) of the binder material has reached a certain threshold, and any increase to 
the binder viscosity via chain length extension will have a significantly reduced impact on 
the granular strength. The structure provided to the binder by the chain entanglement is 
maximized at this point, and any increase to peak flow stress via increasing viscosity will 
be insignificant. Below this critical threshold, the granular material compresses in much 
the same manner as suggested by the analysis conducted by Iveson et al. [31,101].  The 
transition between granules whose strength increases with increasing viscosity and 







 Analysis of strain rate effects 
Based on existing analysis performed elsewhere, if the strain rate increases for 
granules such as those encountered here, the peak flow stress is likely to increase as well 
[9,29,31–33,56,101,131]. Consistent with this prior analysis, equation 4.3 indicates that as 
the capillary number increases, the dimensionless peak flow stress increases, while 
equation 4.2 indicates that, when all other parameters are held constant, an increase in strain 
rate will result in an increase in peak flow stress. As shown in Figure 4.6, the experimental 
results agree with this prediction. As with the analysis of viscous effects, the observed 
behavioral trend is similar for all strain rates examined: a sharp increase in peak flow stress 
is followed by a decrease in stress to a minimum with a small rise in stress towards the end 
of the study. Figure 4.7 shows the peak flow stresses for 40-150 mesh particulates in 289 
Pa∙s PDMS binder at 1, 10, and 100 mm/s compression rates. These results are similar to 
those obtained at all other conditions. As in the previous section, the solid lines represent 
Figure 4.5. Peak flow stress as a function of increasing granule binder (PDMS) viscosity 
for granules prepared with 40-150 mesh silica compressed at 10 mm/s. Note that the peak 

























the average stress-strain curve. The peak flow stress observed for a compression rate of 
100 mm/s (𝜀̇ = 4.651 ± 1.752 𝑠−1) is significantly greater than that at a compression rate 
10 mm/s (𝜀̇ = 0.431 ± 0.076 𝑠−1) which is significantly greater than that at a compression 
rate 1 mm/s (𝜀̇ = 0.042 ± 0.004 𝑠−1).  
This increase in granule strength as strain rate increases may be understood by 
considering the time scales of the compression and relaxation of the binder material.   For 
polymers, this effect has been widely described using the Deborah number (equation 4.7), 
where the characteristic relaxation time for a specific material is divided by the observation 
time of the experiment [153]. The relaxation time of a material may be estimated from the 
amount of time required to recover a specified percentage, which depends upon the 
material, of elastic deformation after an initial stress is applied [154]. If this ratio is large, 
the material is unlikely to be observed flowing. If the ratio is small, the material will flow 
during the observation period. As the strain rate increases, the Deborah number will 
increase due to the decreased time of observation, resulting in a material less inclined to 
flow. Accordingly, more force is required to cause catastrophic deformation for a material 
undergoing compression at a very high strain rate. To achieve the same deformation at a 
high strain rate will require significantly increased applied force. 
 
 Analysis of particle size and shape effects 
The effects of the size and shape of particulates in granular materials on the 
mechanical behavior of the granules has been examined previously for very small (d32 < 80 
μm)  glass ballotini, for lactose, and for a few differently shaped copper powders 















































































































































































































































































































and both spherical and spheroidal (non-spherical) particulates. The results are shown in 
Figure 4.8, where the solid lines represent the average stress-strain curve. The results 
shown in Figure 4.8 are from tests run at 10mm/s compression rate, with granules prepared 
with 289 Pa∙s PDMS binder. The results are representative of all experimental conditions. 
Further analysis of the peak flow stresses of each curve are shown in Figure 4.9. Here, 
several interesting results are observed. Notably, the strongest granule is the one prepared 
using the large (30-40 mesh) silica. The granules with intermediate strength are the ones 
with glass particles, and the small glass (50-70 mesh) is the very slightly stronger of the 
two. The 40-150 mesh silica creates the weakest granule. Clearly, particle size and shape 




















Figure 4.7. Peak flow stress as a function of increasing compression rate for granules 
prepared with 40-150 mesh silica particles and 289 Pa∙s viscosity binder. Note that 1, 10, 































































































































































































































































































































































When rough or non-spherical particles come into close contact, the likelihood of 
jamming or interlocking is increased compared to the case of particle approach in granules 
prepared with smooth spheres. This explains the increase in granular strength of the 30-40 
mesh silica over the 30-40 mesh glass particles. In the case of the smooth, spherical 50-70 
mesh glass particles compared to the 40-150 mesh silica, the smooth spheres produce the 
stronger granule. Although the rough surface of the 40-150 mesh silica may be more 
inclined to produce a strong granule than the smooth surface of the glass, it is hypothesized 
that the highly uniform size distribution of the glass allows much more effective packing 
than the broad distribution of the silica.  This results in more effective solid-solid contact, 
and hence a stronger granule, than in the case of the silica. 
Previous studies report that an increase in particle size for powders <100 μm 

































Figure 4.9. Peak flow stress as a function of particle size and shape for granules prepared 
with 289 Pa∙s viscosity binder compressed at 10 mm/s. Note that the peak flow stress for 






contacts for a given volume [10,31,80,98,155]. However, the results presented in Figure 
4.9 for granules larger than 200 μm show inconsistent behavior. Comparing each type of 
powder individually, the small glass (50-70 mesh) forms a stronger granule than the large 
glass (30-40 mesh).  This is consistent with the idea that the smooth particles will be driven 
by interactions of their included volume when they encounter each other, and on a per unit 
volume basis the smaller particles will have more interacting area.  However, the small 
silica (40-150 mesh) forms a weaker granule than the large silica (30-40 mesh).  This is not 
believed to result from effects associated with the surface area per unit volume, nor from 
the interaction of inclusions on the particles in the powder.  Rather, it is believed that the 
powder with the least uniform particle shape (the 40 – 150 mesh silica) does not allow for 
efficient packing of the solid fraction within the binder.  Specifically, under load, the highly 
irregular shape of the particles in the 40 – 150 mesh silica is expected to pack chaotically, 
and as a result regions of weak internal interactions will likely develop merely as a result 
of the chaotic packing.  These will lead to greater deformation at lower applied loads than 
in the case of the powder with the more uniform shape (and a slightly larger mean size), in 
which more uniform packing, with more consistent contact, can occur.   
Analysis of the surface energies of the species in this system (Figure 4.10) suggests 
that the PDMS binder will adhere more strongly to the particulate surface than itself based 
on combining rules (equation 4.8) [146,156]. In equation 4.8, γ is the surface energy with 
subscripts a and b referring to the particles and binder interacting in air. The result is that 
particles are unlikely to directly interact with one another. Rather, the particles will be 
coated by the binder material at all times.  Any observable resistance to motion due to 






which the PDMS in the included volume of one particle is driven into the PDMS in the 
included volume of the approaching particle, leading to an effective interlocking of the 
particles and a corresponding resistance to relative motion between the particles.  This, in 
conjunction with true particle interlocking, is the likely source of the strength of the 
granules studied here. 
 




 Analysis of dimensionless peak flow stress and capillary number 
From the previous studies, analysis of the peak flow stress and capillary numbers 
(equations 4.2 and 4.3) should result in all of the data collapsing onto a single curve of the 
form given by equation 4.8.  This is shown graphically in Figure 4.11. Previous work has 
evaluated this trend for capillary numbers ranging from 10-10 to 100 [9,29,31–
























Figure 4.10. Surface energies of PDMS, silica, and glass to PDMS. As indicated here, the 






by surface forces [9,29,31–33,56,101,131]. Above this critical value, viscous forces are the 
most significant parameter for deformation [9,29,31–33,56,101,131]. The work presented 
here extends this study to capillary numbers ranging from 10-2 to 103, with results shown 
in Figure 4.12. Because the capillary numbers in the work included here are all universally 
above the critical capillary number of 10-4, surface interactions should have minimal effect 
– the behavior should be solely driven by binder viscosity. The error bars are based on one 
standard deviation with respect to the individual components of the dimensionless peak 
flow stress and capillary number equations (equations 4.2 and 4.3). In other words, to 
calculate the anticipated error for the peak flow stress and capillary numbers, an assumed 
error of one standard deviation from the mean for each experimentally determined 
parameter in equations 4.2 and 4.3 was considered, and this error was allowed to propagate 
through the calculations for the Ca and Str*. The dark line is the best fit line to the data 
collected by Iveson et al., with a form shown in equation 4.8.  The dotted lines represent 
the results from equation 4.9 when each parameter in Ca and Str* is allowed to vary by 
one standard deviation from its mean.  This defines the expected error region [31,101]. 
 
 
𝑆𝑡𝑟∗ = 𝑘1 + 𝑘2𝐶𝑎
𝑛 (4.8) 
 
As shown in Figure 4.12, the results obtained here are consistent with those 
obtained previously until a value of Ca ~ 100. As expected for this range of Ca values, the 
viscous effects do appear to dominate. With increasing binder viscosity, the peak flow 






the data appears to level off, attaining a different plateau for each particle type. This 
corresponds to the point above which the viscosity appears to have a diminished effect, as 
described in Section 4.2.2.  In this case, the structure provided by the combination of the 
mechanical properties of the primary particles (size, shape, roughness) and the increasingly 
lengthy polymer chains is dominating the compressive behavior above Ca ~ 101.  
A subset of the data shown in Figure 4.12 is included as Figure 4.13. This figure is 
representative of all binder viscosities tested. The first observation is the effect of strain 
rate. Clearly, as strain rate increases, the capillary number increases and the peak flow 
stress increases. This effect is universal across the binder viscosities tested in this work. 
As mentioned previously, this is likely a result of reduced time in which the binder may 
relax, leading to an increase in the force required to further compress the granule. Hence,   
Figure 4.11. Measured peak flow stress as a function of bulk capillary number, including 
best fit curve (reproduced from [32]). The solid line represents the best fit curve. The shown 
curve is the best fit representing compressive behavior for granules prepared with glass 
ballotini (d32 = 35 μm) and various low viscosity, Newtonian binders (water, glycerol, and 

























































































































































































































































































































































































































































































































































more force will be required to maintain a consistent strain rate, leading to an increase in 
the peak flow stress as the experimental strain rate is increased. 
Additionally, size and shape effects may be observed. These particle properties 
have significantly less effect on the overall granule behavior compared with the effects of 
binder viscosity or strain rate when presented as a function of the dimensionless peak flow 
stress and capillary numbers. Notably, an increase in particle size results in an increase to 
both the Ca and the Str* for each compression rate considered. However, because particle 
size is a factor in both parameters, the observable effects are minimized in this presentation. 
For this reason, the dimensionless analysis – while useful in evaluating binder and process 
parameters – should be evaluated alongside the dimensional compressive analysis for a 
more complete understanding of particle effects. The reduced influence on the 
dimensionless peak flow stress and capillary analysis on behalf of varied particle sizes is 
similar to results published elsewhere [9,29,31–33,56,101,131]. 
 
4.5 Conclusions 
Both process and formulation parameters are highly important when considering 
granular compressive behavior. This study has expanded current knowledge of binder 
effects on granular compressive behavior to include high viscosity polymeric binders using 
two size fractions of silica and spherical glass particles prepared with PDMS of varying 
viscosity. As predicted by the first hypothesis in Section 1.2, the binder viscosity drives 
the overall compressive behavior above Ca~10-4 or ~12 Pa∙s (the minimum viscosity binder 
studied here). Once the molecular chain structure begins to dominate the compressive 






viscosity (and molecular chain length) minimally affects the granular peak flow stress. 
Additionally, the effect of strain rate is considered, along with the effects of particle size 
and shape. Here, a granule compressed at a low strain rate requires less force for 
catastrophic deformation to occur. A granule compressed at high strain rate requires 
significant force to achieve the same deformation. This is thought to be a result of the 
critical relaxation time compared to the rate of strain application, and points to the 
importance of understanding process parameters effectively. 
Finally, the effects of particulate size and shape have been considered here. Clearly, 
size and shape affect granular behavior due to their influence on optimized or chaotic 







CHAPTER 5. COMPRESSIVE BEHAVIOR OF HIGH VISCOSITY GRANULAR 
SYSTEMS: EFFECT OF PARTICLE SIZE DISTRIBUTION 
This chapter consists of a manuscript by Sweat ML, Parker AS, and Beaudoin SP, 
prepared for submission to Powder Technology in 2015. 
 
5.1 Abstract 
Granular compressive behavior has been evaluated with respect to particle size 
distribution. All granules were prepared with a polydimethylsiloxane (PDMS) binder with 
viscosity ranging from 12 to 2413 Pa∙s. All granules were prepared with 90% particulates 
and 10% binder by mass. Granules were prepared using two unimodal particle size 
distributions (30-40 mesh silica and 40-150 mesh silica) and two bimodal particle size 
distributions. The bimodal size distributions were comprised of 30-40 mesh silica and >230 
mesh silica in 75%/25% and 50%/50% mass fractions, where the first percentage refers to 
the amount of 30-40 mesh silica particles included. The granules were compressed with 1, 
10, and 100 mm/s velocities. The granules prepared with 30-40 mesh silica particles were 
found to exhibit greater granular strength than those prepared with 40-150 mesh. These 
results are uniquely different from those of previous studies which indicate that a smaller 
size fraction of particles will result in a stronger granule. The addition of a secondary 
particle size distribution in conjunction with the 30-40 mesh silica particles results in a 






distribution. It is suggested that the bimodal size distribution allows an increased number 
of interparticle contacts per unit volume to increase the granular strength. 
 
5.2 Introduction 
Wet granulation is an essential aspect of many industries, including 
pharmaceuticals, foods, and agriculture, among others [9,10]. Typically, wet granulation 
involves a dry powder combined with a liquid binder to produce granular material [9,10,88]. 
Wet granulation is frequently considered to occur via three principle processes: nucleation 
and binder distribution, consolidation and growth, and attrition and breakage 
[9,10,26,28,33,51,56,71,72,76,87,88]. Of these, the attrition and breakage are arguably the 
least understood [9,10]. The work presented here is largely focused on the breakage of wet 
granules, where the two primary modes of failure are considered plastic and brittle [51]. 
Granules undergoing plastic deformation will deform largely without the presence of any 
principle cracking, while brittle failure is easily identified by the presence of a major crack 
or cracks [51,68]. In either case, there is no significant elastic recovery of the material. 
Studies of dynamic wet granular failure have focused on binder viscosity, 
interfacial parameters (surface tension and contact angle between the binder and primary 
particles), and particle size and shape [9,10,15,23,29,31–33,37,42,43,51,53–56,58,62–
64,68,101,103,133–142]. Much of this work indicates that an increase in binder viscosity 
will result in an increase to granular strength [9,10,15,23,29,31–
33,37,42,43,51,53,54,58,62–64,68,101,133–140,143]. Additionally, studies of spherical 
particles indicate that an increase in filler particle size is predicted to result in a decrease 






[10,12,31,51,79,101]. However, very few studies exist to create a comprehensive model to 
describe the behavior. 
In lieu of a robust, computationally expensive model, studies have been completed 
to describe the compressive behavior of granules as a function of dimensionless groups, as 
shown in equation 5.1 [29,31,32,51,56,68,101]. Here, σ is defined as the peak flow stress; 
d32 is the specific surface mean particle size (or Sauter mean); γlv is the binder surface 
energy; θ is the liquid-vapor contact angle; μ is the binder viscosity; and 𝜀?̇? represents the 
strain rate. μf is the coefficient of internal friction; S is the granule liquid saturation; and Φ 
is the granule packing fraction. Because the coefficient of internal friction, granule liquid 
saturation, and granule packing fraction are typically held constant in these studies, the 
authors commonly consider the granular compressive behavior to be a function of the left 
side of the equation (the normalized peak flow stress, Str*) and the first term of the right 
side of the equation (the dimensionless capillary number, Ca, which is the ratio of the 


















The normalized peak flow stress can be considered to be the ratio of the normal 






the binder away from the solid.   The capillary number is the ratio of viscous forces resisting 
shear within the binder to the solid-binder adhesion interactions resisting motion of the 
binder past the solids. At low Ca in these systems, failure is classified as semi-brittle and 
is considered to be independent of strain rate and binder viscosity, and the behavior 
transitions to plastic failure at high Ca. Here, catastrophic failure does not typically occur 
in that no clear plane of separation is observed. Instead, the compact deforms/flows under 
the applied load.  Significant void creation occurs without the presence of observable 
“cracks” where the material has catastrophically deformed. In practice, the granular 
material may be held as a single deformed piece simply due to the behavior of the compact 
being dominated by viscous forces. Large cracks do not generally form, as the viscosity of 
the binder allows the applied load to be dissipated through the system with only 
catastrophic deformation – not failure. Prior studies showed that granules prepared with 
very high viscosity binders can often be removed as a single piece following compression 
experiments [143]. Any void creation appears at the exterior of the granule only. 
Accordingly, the designation “failure” seems misleading for these materials – rather, 
catastrophic deformation is a more apt description for the behavior observed. 
Prior work largely focuses on granules containing powders with unimodal particle 
size distributions of small particles [9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–
64,101,131,133–140]. This study seeks to expand the previous work to include systems 
containing powders with unimodal distributions of large particles, as well as systems 
containing powders with bimodal size distributions.  Generally, particles that are relatively 
uniformly packed will form stronger granules compared with granules exhibiting chaotic 






motion [45,47,48,50,88,91,95]. By incorporating a bimodal particle size distribution where 
the large particles are at least an order of magnitude larger than the small ones, the particle 
packing should be optimized as small particles fill the interstitial voids created by the 




Several studies exist to study the effects of size distribution on the compressive 
behavior of granular systems [9,29,31,32,43,51,55,56,68,70,101,103,141]. These have 
largely focused on granules comprised of relatively small spherical particles with a 
unimodal size distribution bound with relatively low viscosity binders. The overall effect 
of high viscosity binders has rarely been discussed[143]. The research presented here seeks 
to explore the effect of large particles (~225 and ~340 μm) and bimodal size distributions 
using mixtures of ~340 µm particles with ~40 µm particles. 
 
 Materials 
Three size fractions of silica particles were used in this work (Figure 5.1): 30-40 
mesh silica (large), 40-150 mesh silica (small), and >230 mesh silica (very small). The 30-
40 mesh silica was supplied by VWR, and Sigma Aldrich provided the 30-40 mesh and 
>230 mesh silica powders. A variety of powder size characteristics were evaluated via a 
Malvern Mastersizer 2000 Light Diffraction Particle Size Analyzer, including the surface 






mean (x43), the 10
th percentile diameter (x10), the median diameter (x50), the 90
th percentile 
diameter (x90), and the circularity. These data are shown in Table 5.1.  
 
Table 5.1. Particle characteristics for silica powders in this study. 
Sample x43 (μm) x32 (μm) x10 (μm) x50 (μm) x90 (μm) Circularity 
>230 mesh silica 41±14 4±03 3±01 27±06 95±42 0.76±0.14 
40-150 mesh silica 223±07 208±07 155±06 215±07 300±09 0.75±0.08 
30-40 mesh silica 338±30 279±36 170±31 312±37 547±28 0.81±0.06 
 
 The circularity (C) may be calculated according to equation 5.4, where the area (A) 
and perimeter (P) have been obtained through image processing via ImageJ [147]. For 
comparison, spherical glass ballotini are often estimated to have circularity ~0.9-0.95, 
while lactose (a powder often studied due to its highly irregular shape) has a circularity of 
~0.72 [51]. Accordingly, the 40-150 mesh silica is considered highly irregular, while the 
30-40 mesh silica is significantly more uniform. The cumulative size distributions for the 
unimodal distributions are shown in Figure 5.2. The cumulative and frequency 
distributions of the bimodal particle fractions are given in Figures 5.3 and 5.4, respectively. 
The first bimodal distribution is comprised of 75% 30-40 mesh silica mixed with 25% >230 
1 mm a c b 1 mm 0.1 mm 
Figure 5.1. Optical microscopy images of the 30-40 
mesh silica (a), 40-150 mesh silica, and >230 mesh 






mesh silica by mass. The second bimodal distribution was prepared with 50% each of the 
30-40 mesh and >230 mesh silica particles by mass. Granules were made by mixing each 
of the powders with each of the eight polydimethylsiloxane (also referred to as PDMS or 
silicone oil) binders.  These binders had viscosities of 12, 29, 58, 97, 289, 579, 965, and 
2,413 Pa·s. Because PDMS is a Newtonian fluid, the viscosity of each binder was assumed 
to remain constant at room temperature (the temperature of the study) over the duration of 
the study. Additionally, the surface energy of silicone oil is 0.0228 N/m, and is assumed 
independent of viscosity [148]. 
 
 The circularity (C) may be calculated according to equation 5.4, where the area (A) 
and perimeter (P) have been obtained through image processing via ImageJ [147]. For 
comparison, spherical glass ballotini are often estimated to have circularity ~0.9-0.95, 
while lactose (a powder often studied due to its highly irregular shape) has a circularity of 
~0.72 [51]. Accordingly, the 40-150 mesh silica is considered highly irregular, while the 
30-40 mesh silica is significantly more uniform. The cumulative size distributions for the 
unimodal distributions are shown in Figure 5.2. The cumulative and frequency 
distributions of the bimodal particle fractions are given in Figures 5.3 and 5.4, respectively. 
The first bimodal distribution is comprised of 75% 30-40 mesh silica mixed with 25% >230 
mesh silica by mass. The second bimodal distribution was prepared with 50% each of the 
30-40 mesh and >230 mesh silica particles by mass. Granules were made by mixing each 
of the powders with each of the eight polydimethylsiloxane (also referred to as PDMS or 






2,413 Pa·s. Because PDMS is a Newtonian fluid, the viscosity of each binder was assumed 
to remain constant at room temperature (the temperature of the study) over the duration of 
the study. Additionally, the surface energy of silicone oil is 0.0228 N/m, and is assumed 

































Figure 5.2. Cumulative particle size distributions for 30-40 mesh 






















Figure 5.4. Frequency (right) particle size distributions for 75% 30-
40 mesh silica/25% >230 mesh silica and 50% 30-40 mesh 
























Figure 5.3. Cumulative particle size distributions for 75% 30-40 
mesh silica/25% >230 mesh silica and 50% 30-40 mesh silica/50% 







The preparation and compression of the materials are similar to those of previous 
studies [31,32,51,68,143]. Every granule studied here was prepared with 10% liquid binder 
and 90% particles by mass. These were carefully prepared by hand, to optimize consistency 
and uniformity of the bulk granular material. From this bulk granular material, cylindrical 
granules were prepared. A stainless steel press was used to compress the material within a 
25 mm diameter cylinder. Once compressed to approximately 25 mm in height, the granule 
was expelled from the cylinder, and the exact height was measured.  
The granule was then placed in either the axial (cylindrical prism face perpendicular 
to direction of compression) or diametrical (cylindrical prism face parallel to the direction 
of compression) orientation on a platen lubricated to reduce frictional effects. An Instron 
ElectroPuls E1000 was used to compress the granules at three velocities: 1, 10, and 100 
mm/s. Compression tests were completed for the granules with the powders with bimodal 
size distributions, as well as the granules containing powders with 40-150 mesh and 30-40 
mesh unimodal particle size distributions. Each granule was evaluated with respect to each 
compression velocity and each binder viscosity. 
From the raw compression tests, the engineering stress, engineering strain, and 
strain rate could be calculated according to equations 5.5-5.7, where ε is the engineering 
strain, Δh is the change in height from the initial height (ho), σ is the engineering stress, F 
is the instantaneous applied force, A is the cross-sectional area assuming uniform barrelling 
as the granule is compressed, 𝜀̇(𝑡)  is the strain rate at a specific time, and v is the 
compression velocity. The strain rates evaluated are 0.04, 0.4, and 4 s-1 corresponding to 






























5.4 Results and Discussion 
As indicated previously, the work presented here considers several size 
distributions of silica powder bound with high viscosity polydimethylsiloxane (PDMS) 
binder. The purpose is to evaluate the effect of particle size distribution on granular strength, 
though results are also presented for viscous and strain rate effects. 
 
 Compression test results 
The compression results obtained through these experiments share several common 
characteristics. A representative result is shown in Figure 5.5. These experimental results 
are for granules containing 40-150 mesh silica particles, in addition to PDMS binder with 
viscosity of 97 Pa∙s.  The compacts were compressed at 10 mm/s (𝜀̇ = 0.43 ± 0.08 𝑠−1). 
The average stress-strain curve from 5-10 replicates is represented by the solid line, and 
the dotted lines represent one standard deviation of error from the mean. In each pair of 
images, the top and left images (labeled ‘a’) depict granules in the axial orientation; the 
bottom and right images (labeled ‘b’) are granules in the diametrical orientation. 






the peak flow stress (2), halfway between the peak flow stress and the end of the test (3), 
and the end of the test at a strain of 0.5 (4). 
The behavior exhibited here is similar to that observed elsewhere [143]. The stress 
rapidly increases to a peak flow stress at strain ~0.1. After reaching this maximum, the 
stress falls to a minimum before either reaching a steady stress or increasing minimally.  
After reaching this maximum, the stress falls to a minimum before either reaching a steady 
level or increasing minimally. As explained elsewhere, this small rise, when it occurs, is 
believed to be an artifact of granular barrelling, in which the expansion of the outer material 
can create an effective wall around the central material [143]. At strain ~0.3, these walls 
begin to create a force directed inward at the central material, resisting the outward spread 
of the granule that results from the downward applied force. As a result, the stress will 
cease to decrease further – either remaining constant or slightly increasing beyond this 
point. 
Similar to studies presented elsewhere, minimal deformation occurs until after the 
peak flow stress is reached [143]. Image 2b from Figure 5.5 shows the start of an apparent 
crack forming. However, following the end of the test, the entire granule was still removed 
as a single piece, indicating that this “failure” was at the surface only. At no point was a 
clear plane of failure (or separation of material) observed. The voids observed are external 
only, and do not represent material failure. Accordingly, the use of the term “failure” is 
misleading to describe the deformation observed. Even as small pieces appear to separate 
from the bulk material, true failure of the material (in which the granule cannot be 
recovered as a single piece) is not observed here. Significant surface void creation is also 







 Analysis of primary particle size 
Some discussion has been provided for the effects of particle size distribution 
[51,143]. These studies have indicated that the peak flow stress will increase with a 
decrease in size of the particles in the granule, though these studies only considered 
particles less than 100 μm in diameter [10,12,31,51,79,101]. The justification for this is 
that small particles result in an increased number of particulate contacts within a given 
volume. This particle-particle contacts resist motion, resulting in an increase to granular 
strength. 
The results presented here are inconsistent with these previous studies. As shown 
in Figure 5.6, the granules evaluated here exhibit the opposite effect: the granules prepared 
with the smaller silica particles appear to be weaker than the granules prepared with large 
silica particles. As has been discussed elsewhere, this is believed to result from the 
uniformity of the particles and their ability to pack [143]. Specifically, the larger particles 
in this study are more regular in shape (much higher circularity) than the smaller particles.  
This increased uniformity of the larger particles is believed to allow for more efficient 
packing compared with the granules formed with the irregular smaller particles, which 
leads to a greater number of interparticle contacts for granules prepared with the large, 
more uniform silica powder. As such, the original argument – that increasing the number 








 Analysis of size distribution effects 
In addition to considering the behavior of granules containing powder with 
unimodal particle size distributions, this work also seeks to expand the existing knowledge 
of the relationship between granular strength and bimodal size distributions. The previous 
studies have purely considered the effects of unimodal particle size distributions, with 
minimal consideration given to the overall breadth of the distribution [9,10,15,23,29,31–
33,37,42,43,51,53,54,58,62–64,68,101,133–140]. 
Figure 5.5. Representative experimental result for compression tests. The solid line is the 
average result, and the dotted lines represent the standard deviation from the average. The 
surrounding figures correspond to the granule appearance at varying points through the 
test. (a) and (b) designations refer to the axial and diametrical configurations, respectively. 
The images at (1) are the initial shapes prior to any applied stress. The peak flow stress is 
reached at (2). (3) a point approximately halfway between the peak flow stress and strain 
= 0.5, and the images at (4) correspond to strain = 0.5. This particular test is for granules 
comprised of 40-150 mesh silica particles in 97 Pa∙s PDMS compressed at 10 mm/s (𝜀̇ =
























The granules considered here are comprised of powders with both very large (d32= 
279 μm) and very small (d32= 4 μm) mean diameters. When the very large particles are 
used in combination with the very small particles, it is expected that the number of 
interparticle contacts will increase significantly – the small particles will be able to fill any 
spaces unoccupied by the large particles. As such, the particles used for these granules 
should be more optimally ordered compared with granules prepared with the large particles 
alone. This should result in granules that are significantly stronger than those produced 
with the large or small particles only. Some typical results of this study are shown in Figure 
5.7. The granules shown here are prepared with 97 Pa∙s PDMS binder compressed at 10 
mm/s. The large fraction in all three granules is 30-40 mesh silica, and the small size 
fraction is the >230 mesh silica. The mass fractions of each granule are indicated by the 
percentage of 30-40 mesh silica included; the remaining percentage is comprised of the 
small size fraction. 
In general, the behavior of all the granules containing powders with bimodal 
particle size distributions is similar to that described in Section 5.3.1. The average observed 
peak flow stress values are given in Figure 5.8.  As can be seen, a bimodal particle size 
distribution creates a significant increase in granular strength. These granules include the 
ones shown in Figure 5.7 as well as those prepared with 40-150 mesh silica particles from 
Figure 5.6. Note that the bimodal distributions are not statistically different, indicating that 
























































































































































































































while the precise amount of secondary particle added has an insignificant effect over the 
range of conditions studied. 
 
 Analysis of viscous and strain rate effects 
Previous studies have indicated that the peak flow stress observed will increase as 
the binder viscosity increases, though diminishing returns are observed beyond a certain 
viscosity [9,10,15,23,29,31–33,37,42,43,51,53,54,58,62–64,68,101,133–140,143]. 
Similar results have been observed here for bimodal particle size distributions, as shown 
in Figure 5.9 for granules prepared with all eight binder viscosities at a 10 mm/s 
compression rate. The granules shown were comprised of 75% 30-40 mesh silica particles 
and 25% >230 mesh silica particles by mass. The lines represent the average stress-strain 
curve. As expected, the granules prepared with the highest viscosity silicone oils tend to 
group together, while the peak flow stress increases monotonically with viscosity for the 
lower viscosity oils. The peak flow stresses for all of the granules prepared with the 
bimodal size distributions as a function of binder viscosity are shown in Figure 5.10. Note 
that the granules prepared with a bimodal distribution show peak flow stresses that are 
much closer to each other than to the stresses shown for the granules prepared with the 
unimodal distribution. Indeed, the values for the granules created with the bimodal particle 
distributions prepared with binders of viscosity 12, 58, 97, and 965 Pa∙s are not statistically 
different. For the granules prepared with 100% 30-40 mesh silica, the peak flow stresses 
for 579, 965, and 2413 Pa∙s PDMS binder are not statistically different from each other, 
but are substantially different from those of the granules prepared with the bimodal size 

























































































































































































































































































































































































































those of the granules prepared with the bimodal size distributions of powder. For both the 
50 and 75% 30-40 mesh silica particles, the peak flow stresses for granules bound with 
greater than 289 Pa∙s PDMS are not statistically different (compared to other granules with 
the same particle size distributions). This trend is identical to that produced elsewhere [143], 
indicating that the binder viscosity is one of the dominant factors in determining the 
behavior of granular material in compression. 
The results of strain rate variations are similar to those seen elsewhere [143]. As 




























Figure 5.8. Peak flow stress as a function of particle size distribution for 100%/0% 
(unimodal), 75%/25% (bimodal), and 50%/50%  (bimodal) mixtures at 10 mm/s 
compression rate with PDMS with viscosity of 97 Pa∙s. Note that the first number 
represents the mass percentage of 30-40 mesh silica particles, and the second value is the 
mass percent of >230 mesh particles. The peak flow stress for granules prepared with 40-
150 mesh silica particles is also shown. Note that the peak flow stress values for the 






effect for granules prepared with 75% 30-40 mesh silica particles and 25% >230 mesh 
particles bound with 97 Pa∙s PDMS. These results are consistent for the granules made 
with unimodal and bimodal powders, as shown in Figure 5.12. Note that the results for the 
granules made with powders having bimodal particle size distributions are similar, and the 
ratio of large to small particles appears to have minimal influence over the ratios studied.  
 
 Analysis of dimensionless peak flow stress and capillary number 
Granule failure has been described historically in terms of the dimensionless peak 
flow stress and dimensionless capillary numbers, as defined by equations 5.2 and  5.3 
[9,29,31–33,51,56,62,68,101]. An analysis of this form is shown in Figure 5.13, which 
shows the historical best fit curve for dimensionless peak flow stress as a function of the 
capillary number [101]. Note that the data falls onto a single curve, as defined by equation 
5.8, where the fitting parameters are defined as 𝑘1 = 5.3 ± 0.4, 𝑘2 = 280 ± 40, and 𝑛 =
0.58 ± 0.4. Two regions are described by this analysis: a low capillary number regime in 
which surface forces dominate the compressive behavior and a high capillary number 
regime in which the granular deformation is driven by viscous forces. These previous 
studies examined systems where the capillary number ranged from 10-10 to 100 for 
unimodal systems. This work seeks to expand through Ca~103. 
Previous work has established Ca~10-4 as the critical capillary number below which 
surface interactions dominate over viscous forces [9,32,51,101,131,145]. Because this 
study considers only granular material above this threshold, all granular behavior observed 
should be predominantly driven by viscous forces. The results are shown in Figure 5.14 for 

















































































































































































































































































































































































































































Figure 5.10. Peak flow stress as a function of increasing viscosity and particle size 
distribution for 100%/0% (unimodal), 75%/25% (bimodal), and 50%/50%  (bimodal) 
mixtures at 10 mm/s compression rate for all viscosities. Note that the first number 
represents the mass percentage of 30-40 mesh silica particles, and the second value is the 
mass percent of >230 mesh particles. Note that the peak flow stress values for the bimodal 








































































































































































































































































































































































































𝑆𝑡𝑟∗ = 𝑘1 + 𝑘2𝐶𝑎
𝑛 (5.8) 
curve evaluated by Iveson et al. and described by equation 5.8, and the dotted lines 
represent the expected error region based on the standard deviation of the experimentally 
evaluated components present in equations 5.2 and 5.3. The data appears to fit fairly well 
with the model curve through Ca~101. Above this point, the peak flow stress may begin to 
reach a plateau where it is no longer influenced by changes in Ca, suggesting the need for 
a third region to describe the behavior above Ca~101. These results correspond to the data 
presented earlier (Figure 5.10) wherein an increase to viscosity does not typically correlate 



























Figure 5.12. Peak flow stress as a function of particle size distribution for 100%/0% 
(monomodal), 75%/25% (bimodal), and 50%/50%  (bimodal) mixtures at 1, 10, and 100 
mm/s compression rate with binder of viscosity 97 Pa∙s. Note that the first percentage 
represents the mass percentage of 30-40 mesh silica particles, and the second value is the 
mass percent of >230 mesh particles. Note that at 10 and 100 mm/s, the peak flow stress 
values for the granules made with different bimodal distributions of particle sizes are 






Section 5.3.4 and elsewhere [143]. Between Ca~10-4 and Ca~101, an increase in binder 
viscosity results in an increase in granular strength.  Above Ca~101, granular behavior is 
still driven by viscous effects, though the mechanism by which the strength is established 
has changed. Above this point, an increase to the capillary number resulting from an 
increase in binder viscosity may not result in an increase to the dimensionless peak flow 
stress. 
As discussed previously, this is likely due to the polymer chain length of the binder 
reaching a certain threshold. For PDMS, the molecular weight of entanglement is 12,000; 
polymer chain entanglement is likely to occur at any molecular weight above this value 
[55]. The lowest molecular weight PDMS binder used in these experiments is 67,700 which 
corresponds to the 12 Pa∙s viscosity binder. For PDMS, an increase to viscosity occurs 
when the polymer chain length is extended – which also serves to increase the molecular 
Figure 5.13. Best fit curve from previous studies (reproduced from [17]). The solid line 
represents the best fit curve. The shown curve is the best fit representing compressive 
behavior for granules prepared with glass ballotini (d32 = 35 μm) and various low viscosity, 






weight of the polymer. Because the minimum viscosity binder used is above the molecular 
weight of entanglement, all of the more viscous binders are also above this critical 
molecular weight. Further, above Ca~101, the structure provided by the increased chain 
length (and subsequent chain entanglement) has likely been maximized, and any further 
increases to binder viscosity by way of increasing the polymer chain length will have a 
negligible influence on overall granular strength. 
A comparison of the behavior observed for granules with bimodal particle size 
distributions and the work presented by Iveson et al. is shown in Figure 5.15 [31]. The d32 
value chosen represents the weighted contribution of each size fraction. Two effects are 
clearly visible. First, the general slope of the data is not similar to that presented by previous 
analyses. Second, the viscous effects are still present in that above Ca~101, the 
dimensionless peak flow stress may begin to level out. Between Ca~10-4 and Ca~101, there 
is a measureable increase to dimensionless peak flow stress observed as the binder viscosity 
is increased. Because a dramatic difference exists in the packing fraction of a bimodal 
particle size distribution, the observed physics are expected to be vastly different from a 
unimodal system. Accordingly, the dimensionless model proposed by Iveson et al 
oversimplifies the behavior exhibited by granules prepared with more complex, 
multimodal particle size distributions. Accordingly, the model severely under predicts the 






























































































































































































































































































































































































































































































































































































































































































































































































































This study has evaluated the effect of particle size distributions on granular 
compressive behavior. When a unimodal particle size distribution is considered, the results 
of this study indicate that particle packing is the most important parameter to consider. The 
literature shows that when granules are made with spherical particles, there is an increase 
in granular strength commonly observed when powders with smaller particles are 
considered.  This allows a larger number of interparticle contacts per unit area then when 
larger particles are present. When non-spherical particles are employed, however, the 
sphericity of the particles becomes most important to the strength.  In fact, in this study, 
granules made from powders with higher sphericity, but larger diameters, were stronger 
than granules that were smaller, but were less spherical.  Here, the larger powder is able to 
pack more optimally, and to form more interparticle contacts per unit volume, resulting in 
a stronger granule. Further, when a secondary particle size distribution is added, the smaller 
particles are able to fill the interstitial spaces between the large particles, further increasing 
the number of particle contacts per unit volume. As such, granules formed with a bimodal 










CHAPTER 6. COMPRESSIVE BEHAVIOR OF SIMULATED COMPOSITION C-4:  
INFLUENCE OF BINDER PROPERTIES 
This chapter consists of a manuscript by Sweat ML, Parker AS, and Beaudoin SP, prepared 
for submission to Propellants, Explosives, Pyrotechnics in 2015. 
 
6.1 Abstract 
In the most common approach to detect trace explosives at security checkpoints, 
any illicit residues must first be removed from the surface of interest (contact sampling) 
before they are delivered to a detector, such as an ion mobility spectrometer. Contact 
sampling involves applying a compressive shearing load to dislodge the residue from a 
surface.  Maximizing this step requires an understanding of the properties affecting residue 
behavior. This study seeks to evaluate the previously unstudied effect of the binder 
mechanical properties on the behavior of Composition C-4. Composition C-4 demonstrates 
complex granular behavior, and contains a highly viscous, non-Newtonian binder. In 
addition to studies of real C-4, simulated C-4 was created, with mechanical properties very 
similar to the real composite.  The results with the live and simulated C-4 indicate that – 








Ion mobility spectroscopy (IMS) is a key component of most trace explosives 
detection protocols in checkpoint security environments.  This technology requires swabs 
that can effectively and reproducibly interrogate topography on baggage or individuals as 
these pass through the checkpoint.  During this interrogation, the swab must contact 
explosives residues and adhere to them with sufficient force to allow detectable quantities 
of residue to be transported to the IMS.   A key aspect of the development of improved 
swabs and swabbing protocols involves understanding the mechanisms of 
adhesive/cohesive failure within the energetic material as it is removed from a surface.  
Composition C-4 is comprised of 91% cyclotrimethylenetrinitramine (RDX) with 
9% polymeric binder. Current military specifications for RDX list ranges of particle 
diameters from <44 μm to <2000 μm [1,2]. Due in part to this wide range of particle 
diameters, variability exists regarding the size of particles encountered in C-4 during swipe 
sampling [3–7]. Notably, the size of particles deposited by a thumbprint on a surface of 
interest has not been fully evaluated, and the ability to recreate a standard print is also 
lacking [3–7].  
Robust trace explosives sampling techniques also have yet to be firmly established 
[3]. For IMS, certain standards apply: a swab must effectively remove solid particulates 
from a surface, withstand temperatures up to 300°C as employed by the IMS, and be 
affordable [3,4]. Most current studies consider either cloth or Teflon-coated fiberglass 
swabs [3–7]. A number of parameters have not been successfully controlled during the 
development of an optimal wiping technique [6]. Variability exists in the applied force 






substrate materials, the swipe velocity, and the number of times a swab may be reused 
before it is discarded [3,6,7]. The applied load may range from approximately 3 N to 60 N 
[3,5]. Studies by Verkouteren et al. claim that the critical parameters in determining 
removal efficiency are applied load and the translational force required to overcome the 
frictional resistance at the swipe-substrate interface to maintain a constant swiping velocity 
[3]. They also note a direct linear correlation between increased applied force of swiping 
and particle removal efficiency [3,5,6]. While Verkouteren et al. indicate a swipe speed of 
0.7 cm/s in their studies the Environmental Protection Agency indicates swipe sampling 
speeds of 10 and 17 cm/s in its work [3,157]. Note that the speed of a swipe directly 
correlates to the strain rate, and thus the viscosity of the non-Newtonian binder, as non-
Newtonian fluids have strain-dependent viscosity. All of these parameters require 
investigation to more fully understand the nature of swipe testing to improve trace 
explosives detection at security checkpoints. 
A major challenge to the development of improved swipes and swiping protocols 
lies in the creation of a benign analog to live explosive materials, such as C-4. Such a 
material would make it much easier and simpler for researchers to investigate new swiping 
protocols, and would allow new researchers, who do not have the facilities to accept and 
store explosives, to participate in these studies. A desirable surrogate would mimic the 
adhesion, deformation and failure of the explosive-filled composites without requiring the 









For this study, granules were prepared with 40-150 mesh silica particles (Figure 
6.1). The cumulative size distribution of the powder is shown in Figure 6.2, and particle 
characterization is given in Table 6.1. The characteristics of the powder include the surface 
weighted mean (Sauter mean diameter, x32), the volume weighted mean (x43), the 10th 
percentile diameter (x10), the median diameter (x50), and the 90th percentile diameter (x90). 
These particles were chosen based on their relative similarity to the RDX size distribution 
used in the preparation of live C-4 (Table 6.2) [158]. Note that the designations coarse and 
fine refer to cumulative particle size distribution. That is, the particles fitting through the 
200 mesh sieve were included in the percent of particles fitting through the 100 mesh sieve. 
Because this study primarily focuses on the effect of the binder, the “fine” fraction w not 
considered here. 
All granules were bound with a simulated C-4 binder based on a known recipe 
consisting of di(2-ethylhexyl) sebacate (59wt%), polyisobutylene (23wt%), and SAE 10 
non-detergent motor oil (18wt%). For comparison, ideal granules were also prepared with 
eight viscosities (12, 29, 58, 97, 289, 579, 965, and 2,413 Pa·s) of polydimethylsiloxane 









Table 6.1. Particle size characteristics for the powder shown in Figure 6. [143]. 
Sample x43 (μm) x32 (μm) x10 (μm) x50 (μm) x90 (μm) 
Silica 223±07 208±07 155±06 215±07 300±09 
 
Figure 6.1. Optical microscopy image of the 
40-150 mesh silica particles. Scale bar 

























Figure 6.2. Cumulative particle size distribution for 30-40 mesh silica [143]. 
Note that the Coarse and Fine designations refer to the mililtary 















Coarse (%) Fine (%) 
325 44 n/a 97 
200 74 18 n/a 
100 149 35 n/a 
50 300 90 n/a 
20 841 98 n/a 
 
 Methods 
When mixed, the simulated binder prepared in Section 6.2.1 created a non-
Newtonian, shear-thinning fluid that decreased in viscosity as increasing shear rate was 
applied (Figure 6.3). (The viscosity of the binder was evaluated using a rotational 
rheometer from TA Instruments.). 
Three types of granules were prepared: live C-4, simulated C-4, and ideal. The live 
C-4 granules were provided in accordance with the military specifications for the explosive 
material. The simulated C-4 was prepared with simulated C-4 binder (9wt%) mixed with 
the 40-150 mesh silica particles (91wt%). The ideal granules were prepared with PDMS 
and 40-150 mesh silica. The ideal granules and the simulated C-4 composites were 
prepared by hand and care was taken to ensure thorough and uniform mixing. Each granule 
was compressed into a cylindrical mold to form a granule with a diameter of 25 mm. The 
height of each granule was approximately 25 mm, though the precise height was 
determined experimentally. 
The compression experiments performed here were similar to those described 










Instron ElectroPuls E1000. To minimize frictional effects, both the upper and lower platen 
were lubricated. Granules were compressed in both axial (cylindrical face perpendicular to 
the direction of compression) and diametrical (cylindrical face parallel to the direction of 
compression) orientations at compression rates of 1, 10, and 100 mm/s. The velocities 
correspond to engineering strain rates of 0.04, 0.43, and 4.65 s-1 according to equation 6.1, 
where 𝜀̇(𝑡) is the strain rate, ε is the engineering strain, t is time, ho is the initial height of 















From these compression tests, the overall stress behavior as a function of strain was 
















Figure 6.1. Viscosity profile for simulated C-4 binder as 







where h is the instantaneous height of the granule, F is the measured force, and A is the 










6.4 Results and Discussion 
 Typical Compression Results 
Figure 6.4 shows a stress-strain curve typical of a granular compression experiment. 
The solid line represents the average stress-strain curve from 5-10 replicates, and the dotted 
lines are one standard deviation from the mean. There are four main sections of this curve 
(labelled a-d) with corresponding axial and diametrical images. The images on the bottom 
and left (1a – 1d) of Figure 6.4 correspond to the axial orientation, and the top and right 
images (2a – 2d) depict granules in the diametrical orientation. The first set of images (a) 
depict granules immediately following placement on the lower platen – before any 
compression occurred. The second set of images (b) are representative of the granule at the 
peak flow stress. This was the maximum stress observed throughout the experiment. 
Approximately halfway between the peak flow stress and ε=0.5, the granule presented 
significant deformation (c). The test concluded at ε=0.4, represented by the final images 
(d). In general, between conditions (c) and (d), a marginal increase to the stress was 







forced outward. At a point ε~0.4, this “external” barrelling began to form walls surrounding 
the “inner” granule. This  
resulted in a stress increase as the compression transitioned from unconfined compression 
to confined compression. 
The images presented in Figure 6.4 are representative of all results generated in this 
work – no observable “failure” of the granule occurred. Through the peak flow stress (b), 
only very minimal deformation has occurred. Major deformation did not occur until over 
Figure 6.2. Selected typical experimental result for compression tests. The solid line is the 
average result, and the dotted lines represent the standard deviation from the average. 
Letters a-d correspond to the images shown in Figure 6.5. This particular test is for granules 
comprised of 30-40 mesh silica particles in simulated C-4 binder compressed at 10mm/s 
(strain rate = 0.43±0.08 s-1.
 (1) and (2) designations refer to the axial and diametrical 
configurations, respectively. The images at (a) are the initial shapes prior to any applied 
stress. The peak flow stress was reached at (b). (c) indicates a point approximately halfway 







halfway through the test. Even at high strain (ε>0.3), no plane of failure was observed. 
Some void creation was noted at the exterior of the granule, though these voids are quite 
shallow, only extending ~2-3 mm into the bulk material. Finally, following the conclusion 
of the compression, the granules were typically removed as one solid piece, indicating that 
the material did not fail. Instead, only significant deformation occurred. 
 
 Live C-4 
Compression tests were completed using live C-4 at 1, 10, and 100 mm/s 
compression rates, with results as shown in Figure 6.5. Note that the solid line indicates 
the average stress-strain curve from 5-10 replicates, while the shaded regions represent the 
standard deviation from the mean. The most notable effect resulted from the change in 
strain rate: as strain rate increased, granular strength also increased, though this effect is 
almost insignificant between the 1 and 10 mm/s compression rates. The general trends 
observed were consistent with those shown in Figure 6.4 – a sharp rise in stress occured at 
~ε<0.2, after which the stress was reduced to a minimum followed by a secondary increase 
resulting from barrelling. 
An increase in peak flow stress resulting from increased strain rate was observed 
for polymeric materials. For polymers, the ratio of relaxation time to observation time is 
commonly used to describe this phenomenon [16]. If the relaxation time is significantly 
shorter than the observation time, then the material will flow. Conversely, if the 
observation time is significantly shorter than the relaxation time, the material will not have 
enough time to relax, and no flow will be observed. For the compression experiments 































































































































































































































































































the relaxation time for a given binder remains constant. As such, the binder had less time 
to react to an applied strain, and maintaining constant compressive velocity caused an 
increase to the granular stress. 
 
 Simulated C-4 and Ideal Granules 
Compression experiments were conducted on the aforementioned granules 
prepared with simulated C-4 binder and 40-150 mesh silica powder. Figure 6.6 shows these 
results for granules compressed at 1, 10, and 100 mm/s. The general shapes and trends 
observed are remarkably similar to those for the live material. For comparison, ideal 
granules prepared with 40-150 mesh silica and 29 Pa∙s PDMS compressed at 1, 10, and 
100 mm/s are shown in Figure 6.7. From these figures, a difference in the granular behavior 
at the peak flow stress is immediately observed. The ideal granules prepared with PDMS 
reach the peak flow stress at lower strain than either the simulated or live C-4. (Peak flow 
stress was obtained at ε≤0.1 for the Newtonian systems, while simulated C-4 granules did 
not reach the peak flow stress until ε~0.2.) Further, upon reaching the observed peak flow 
stress, ideal granules prepared with PDMS binder exhibited an immediate, sharp decline in 
observed stress. For simulated C-4 granules prepared with non-Newtonian binders, the 
observed decline is neither sharp, nor immediate.  
A comparison of the peak flow stress data for all of the granules studied is shown 
in Figure 6.8. Based on equation 6.1, the strain rates for 1, 10, and 100 mm/s compression 
rates are 0.04, 0.43 and 4.65 s-1, respectively. Based on the peak flow stress data, the 






















































































































































































































































































































































































































































































































































































(Newtonian binders).  In addition, none of the simulated C-4 (either with a simulated C-4 
binder or with PDMS binders) showed peak flow stress behavior that matched that of live 
C-4 over all three strain rates. When a load was applied to the granules, it was assumed 
that particles within the granule moved relative to each other at different rates depending 
on their location within the granule.  Since the C-4 binder is non-Newtonian, this means 
that the local binder viscosity varied throughout the granule.  In addition, because the local 
particle velocities were expected to change over the course of a compression experiment, 























Figure 6.6. Peak flow stress as a function of increasing compression rate for simulated C-
4 prepared with 40-150 mesh silica compared with live C-4, as well as granules created 
with 40-150 mesh silica and PDMS. Note that 1, 10, and 100 mm/s correspond to strain 







However, if a comparison is made between the behavior of the ideal granules and 
the simulated C-4 granules, a binder viscosity of ~30 Pa∙s might be expected. Based on the 
viscosity data provided in Figure 6.2, a very high shear rate (well above what might be 
expected over the strain rates applied) is required to reduce the simulated C-4 binder to this 
viscosity. Accordingly, an ideal granule cannot be created using a Newtonian binder in 
place of the more realistic, non-Newtonian simulated binder. Rather, the rheology of the 
non-Newtonian binder is highly important to creating a benign simulant that mimics the 
mechanical behavior of live C-4. 
This phenomenon also explains the distinct trends observed surrounding the peak 
flow stress behavior exhibited in Figures 6.6-6.8. The applied force was distributed in a 
non-uniform manner throughout the granule as a result of the particle distribution within 
the granule. As particles experienced increased strain, any non-Newtonian binder directly 
in contact with the particles underwent a decrease in viscosity. However, binder 
surrounding particles not experiencing strain maintained a very high viscosity by 
comparison. These regions of low viscosity potentially lubricated the regions of high 
viscosity, further increasing the complexity of the system.  Such behavior could not occur 
when Newtonian binders are applied. As a result, ideal granular materials prepared with 
Newtonian binders cannot respond to an applied strain, as occurs during swiping, in the 
same manner as live C-4 or simulated C-4 which has a realistic (non-Newtonian) binder. 
The creation of a benign analog to live C-4 must incorporate a similarly non-Newtonian 
binder.  When a non-Newtonian binder with similar flow properties as the real C-4 is 
applied, the mechanical behaviors of the different materials under load were similar 







effects; a) a powder with a monomodal size distribution was used to create the synthetic 
C-4 used here, while live C-4 contains RDX particles with a bimodal size distribution; or 
b) the mechanical or surface properties of the powder used in these synthetic granules 
(silica) are different from those of the RDX found in the live C-4.  Exploration of these 
phenomena is the subject of ongoing work. 
 
6.5 Conclusions 
The effects of binder composition and flow properties on the behavior of granules 
of live and simulated C-4 has been considered.  Simulated C-4 granules prepared with 
benign particles mixed with C-4 binder have been observed to be behave in a manner that 
is qualitatively similar to that of live C-4 when exposed to a compressive load. When ideal 
granules prepared with the same particles but with Newtonian binders of varying viscosity 
were tested, their mechanical response was much less similar to that of the live C-4 than 
that of the granules made with C-4 binder. At no point during the load testing was material 
observed to “fail” (as defined by the presence of a primary plane of separation preventing 
the removal of the material as one solid piece). Additionally, the strength of all granules 
was observed to increase with increasing strain rate due to the decrease in observation time 
with respect to the characteristic relaxation time of the granules.  
Although their behavior was qualitatively similar, the simulated granules 
considered for this study are substantially weaker than granules prepared from live C-4. 
The likely reason for this discrepancy is that the particles in live C-4 originate with powder 







a powder with a unimodal size distribution. The effects of particle size distribution will be 







CHAPTER 7. COMPRESSIVE BEHAVIOR OF SIMULATED COMPOSITION C-4:  
INFLUENCE OF PARTICLE SIZE DISTRIBUTION 
This chapter consists of a manuscript by Sweat ML, Parker AS, and Beaudoin SP, prepared 
for submission to Propellants, Explosives, Pyrotechnics in 2015. 
 
7.1 Abstract 
The ability to effectively remove energetic residue from surfaces of interest is 
paramount to detecting these residues. However, the ability to remove residue from a 
surface requires an understanding of the parameters affecting the overall mechanical 
behavior of the explosive in question. For this study, the behavior of Composition C-4 was 
evaluated with respect to particle size distribution. The results suggest that the presence of 
an appropriately sized bimodal particle distribution is a key parameter influencing the 
mechanical behavior of the composite granular material. The bimodal size distribution was 




The creation of a benign analog to live Composition C-4 is of interest for several 
key reasons – from a research perspective, an inert simulant would allow far easier access 







onsite. From a checkpoint security perspective, the ability to effectively recognize threats 
based on contact sampling relies on the ability to remove energetic residues from a person’s 
hands, luggage, cardboard boxes, or other surfaces of interest. Typically, this is done via 
swiping an interrogating cloth across one of these surfaces of interest to harvest residue. 
Once the residue is collected, the swab is fed to an ion mobility spectrometer (IMS) to 
evaluate the presence or lack of explosive residue. Accordingly, the ability to remove this 
residue via swiping is of critical importance. 
Current swiping protocols, however, can be improved. Significant research has 
been conducted on the ability of swabs to withstand the conditions of an IMS, and most 
studies focus on either cloth or polytetrafluorethylene (PTFE)-coated fiberglass swabs [3–
7]. Beyond this, only a very few studies have been conducted to evaluate the necessary 
applied force (ranging from 3 N to 60 N) for removing energetic residue from a surface, 
with results indicating that increasing the applied force correlates to an increase in residue 
removal [3,5–7]. Regarding the speed of a swipe, studies from Verkouteren et al. indicate 
a swipe speed of 0.7 cm/s used in their studies, and the Environmental Protection Agency 
has indicated swipe sampling speeds of 10 and 17 cm/s [3,157]. Unfortunately, these 
studies merely report a swipe velocity and do not examine the effect of swipe speed on 
residue removal. Energetic binders may be non-Newtonian, meaning that the viscosity is a 
function of the applied shear, which is related to the swipe speed [160]. In these cases, the 
speed of a swipe will control the binder viscosity – which may be an important controllable 
parameter when optimizing energetic residue removal. 
To better evaluate the influence of such process parameters as swipe speed on trace 







study focuses on the mechanical behavior of live Composition C-4, which is comprised of 
91% cyclotrimethylenetrinitramine (RDX) with 9% polyisobutylene binder [1]. In 
addition, we investigate a benign surrogate for Composition C-4.  The creation of a benign 
analog to live C-4 serves two primary functions. First, the ability to conduct mechanical 
properties tests on inert C-4 eliminates the necessity of having any quantity of detonable 
material present, increasing the safety of the tests. Additionally, the ability to recreate C-4 
using benign ingredients allows significant insight into the primary factors controlling the 
mechanical behavior, which is the main focus of this study. 
 
7.3 Materials and Methods 
 Materials 
Three powders were used to create granular material in this study: >230 mesh silica, 
40-150 mesh silica, and 30-40 mesh silica (Figure 7.1). Particle characteristics for each of 
these powders are given in Table 7.1, including the surface weighted mean (Sauter mean 
diameter, x32), the 10th percentile diameter (x10), the median diameter (x50), the 90th 
percentile diameter (x90), and the particle circularity. The circularity (C) is calculated by 
equation 7.1, where the area (A) and perimeter (P) of the particles is easily obtained through 
image processing software [147]. Though the circularities presented here appear to be 
c a b 0.1 mm 1 mm 1 mm 
Figure 7.1. Optical microscopy image of the 30-40 
mesh silica (a), 40-150 mesh silica (b), and >230 







similar, this is not the case: the highly irregular powder lactose has a circularity of 0.72, 
while largely uniform, spherical glass beads often have circularities of ~0.9-0.95, as 
reported by Smith et al [51]. 
  
Table 7.1. Particle size characteristics for all silica powders shown in Figure 7.1. 
Sample x32 (μm) x10 (μm) x50 (μm) x90 (μm) Circularity 
30-40 mesh 279±36 155±06 312±37 547±0.28 0.81±0.06 
40-150 mesh 208±07 155±06 215±07 300±09 0.75±0.08 








The cumulative particle size distributions as evaluated via Malvern Mastersizer 200 
Light Diffraction Particle Size Analyzer are given in Figure 7.2. These particles were 
chosen based on their relative similarities to the powder sizes of RDX used in the creation 
of Composition C-4 (Table 7.2) [1,2]. With respect to the size distributions of “Coarse” 
and “Fine” RDX shown, the designations provided indicate the cumulative distribution of 
particles fitting through the given sieve size: the #100 sieve size represents the particles 
that are larger than 149 μm, including those that fall through the #20 and #50 sieves. For 
the first part of this study, granules were prepared with unimodal size distributions as 
depicted in Figure 7.2. Additional studies were conducted on granules prepared with a 
bimodal size distribution, with cumulative and frequency size distributions as given in 
Figures 7.3 and 7.4. For this study, when the bimodal size distribution is referenced, the 







fraction of 30-40 mesh silica included in the mixture. The second value (25%, in this 
example) is the amount of >230 mesh silica included. 
All of the granules used in this study were either live C-4 or simulated C-4, 
comprised of 91wt% particles with 9wt% simulated C-4 binder. The simulated C-4 binder 
consisted of 59wt% di(2-ethylhexyl) sebacate, 23wt% polyisobutylene, and 18wt% SAE 
10 non-detergent motor oil, per the standard recipe [149]. The resulting highly viscous, 
non-Newtonian binder was evaluated using a TA Instruments rotational rheometer. Based 
on Figure 7.5, the binder is shear-thinning, indicating that the viscosity decreases as 
increased shear is applied, as might be expected with increased downward applied force or 




























Figure 7.2. Cumulative particle size distributions for 30-40 mesh silica, 












Coarse (%) Fine (%) 
325 44 n/a 97 
200 74 18 n/a 
100 149 35 n/a 
50 300 90 n/a 



























Figure 7.3. Cumulative particle size distributions the powders used. For the 
bimodal distributions, the first percentage refers to the mass fraction of 30-40 
mesh silica, and the second percentage represents the mass fraction of the >230 









The simulated granules used in this study were prepared in a manner similar to that 
presented elsewhere [51,143,159,160]. To create the simulated C-4, 9wt% binder was 
combined with 91wt% particles; the particles used were one of the two unimodal 
distributions (40-150 mesh silica, or 30-40 mesh silica) or one of the two bimodal 
distributions (75% 30-40 mesh silica mixed with 25% >230 mesh silica or 50% each 30-
40 mesh silica and >230 mesh silica). These were all mixed carefully to optimize 
uniformity of the granular material. Once the bulk simulant was created, granules were 
compressed into a cylindrical mold 25 mm in diameter. Each granule was compressed to a 
height of ~25 mm, with the exact height determined experimentally. The method for 
























Figure 7.4. Frequency particle size distributions for the powders used. For the 
bimodal distributions, the first percentage refers to the mass fraction of 30-40 
mesh silica, and the second percentage represents the mass fraction of the >230 








Once molded, the granules were compressed in a manner similar to methods 
described elsewhere [31,32,51,131,143,159,160]. Granules were placed on the lubricated 
lower platen of an Instron ElectroPuls E1000 in either the axial (cylindrical face 
perpendicular to the direction of compression) or diametrical (cylindrical face parallel to 
the direction of compression) orientations. Experiments were conducted at compression 
rates of 1, 10, and 100 mm/s. These correspond to strain rates of 0.04, 0.43, and 4.65 s-1 
based on equation 7.2, where 𝜀̇(𝑡) is the strain rate, ε is the engineering strain, t is time, ho 















These compression tests allow for the collection of the overall stress behavior of 
















Figure 7.5. Viscosity profile for simulated C-4 binder as 







described by equations 7.3 and 7.4, respectively, where h is the instantaneous height of the 











7.4 Results and Discussion 
 Typical Compression Results 
A typical representation of the stress-strain results obtained through compression 
experiments is shown in Figure 7.6. The solid line indicates the average behavioral trend, 
and the dotted lines are one standard deviation from the mean. The four markers indicate 
various points of behavior corresponding to the axial (1) and diametrical (2) images. Prior 
to compression, no stress is observed, and the granule is visible in its original state (a). 
Once compression begins, the stress increases rapidly to the observed peak flow stress (b) 
before declining to a minimum at (c). The images for (d) indicate the end of the test at a 
strain of 0.5. The minimum observed at (c) has been previously discussed and is simply an 
artifact of granular barrelling [143,159,160]. 
As with previous studies, no observable “failure” of the material is observed, as 
evidenced in Figure 7.6 [143,159,160]. In particular, none of the images show any clear, 







major planes of failure exist. Even the appearance of minor voids present in (d) for the  
axial and diametrical granules and (c) for the diametrical granules are purely superficial 
and cannot be described as failure. Rather, the granules only significantly deform. 
 
 Compression Results: Live C-4 
Figure 7.7 shows the results of the compression tests for live C-4 at 1, 10, and 100 
mm/s. The solid lines represent the average curve, and the shaded regions depict one  
Figure 7.6. Representative experimental result for compression tests. The solid line is the 
average result, and the dotted lines represent the standard deviation from the average. The 
surrounding figures correspond to the granule appearance at varying points through the 
test. (a) and (b) designations refer to the axial and diametrical configurations, respectively. 
The images at (1) are the initial shapes prior to any applied stress. The peak flow stress is 
reached at (2). (3) indicates a point approximately halfway between the peak flow stress 
and strain = 0.5, and the images at (4) correspond to strain = 0.5. This particular test is for 
granules comprised of 30-40 mesh silica particles in simulated C-4 binder compressed at 


































































































































































































































































































standard deviation from the mean. These results have been shown elsewhere, and are 
repeated here for comparison purposes [160]. Similar to Figure 7.6, a sharp rise to the 
observed peak flow stress is clear at early strain. Following the peak flow stress, the stress 
gradually decreases to a minimum before increasing again at the end of the test.  
Additionally, as can be seen in Figure 7.7, an increase in stress is observed as compression 
rate increases. This is believed to be due to a decrease in the available time for relaxation 
of the binder to occur [143,159,160]. Because the binder is unable to effectively relax over 
the time frame of the compression, it significantly resists motion.  As the compression rate 
increases, the time for relaxation decreases, resulting in an increase in stress with increasing 
strain rate. 
 
 Compression Results: Simulated C-4 
7.4.3.1 Unimodal size distribution 
Compression experiments were conducted on granules made from the two 
previously mentioned unimodal powders compounded with simulated C-4 binder. Figure 
7.8 shows the results for simulated C-4 prepared with 30-40 mesh silica particles. The 
general shapes and trends observed are remarkably similar to those for the live material. 
Additionally, results are shown in Figure 7.9 for simulated C-4 prepared with each of the 
two different unimodal powders at 10 mm/s compression rate. While some distinctions 
may be made between granules prepared with the different powders, both generally follow 
the trend previously described. Figure 7.10 compares the peak flow stresses of the 

































































































































































































































































































































































































































































































































































































live C-4. As previously indicated, all granules show a general trend of increasing stress 
with increasing strain rate. 
As shown in Figures 7.10 and 7.11, the larger silica size fraction produces granules 
that are stronger than the smaller size fraction. This is contrary to many previous 
granulation studies, which indicate that smaller particles will result in an increase to 
granular strength due to the increased number of interparticle contacts per unit volume 
[10,31,51,79,98,101]. However, these other studies considered particles that were less than 
100 μm in diameter and very smooth. The particles considered here are significantly larger 
and significantly less uniform. Hence, the increase to granular strength may be attributed 
to the increasingly chaotic packing of particulates within the granule – more uniform 
Figure 7.10. Peak flow stress as a function of increasing compression rate 
for simulated C-4 prepared with unimodal particle size distributions 
compared with live C-4. Note that 1, 10, and 100 mm/s correspond to strain 


































particles require more force before granular deformation may occur due to the more 
ordered packing. 
 A comparison of granular strength (Figure 7.10) reveals that – though the general 
trends are quite similar between the simulated and live C-4 as indicated by Figures 7.9 and 
7.10 – the overall granular strength is vastly different. There is some increase to peak flow 
stress with increasing particle size for the simulated materials; however, the peak flow 
stresses for the live C-4 are significantly greater than those for the simulated materials. 
This is likely due to the presence of a secondary size fraction in the live material (see Table 
7.1). 
 
7.4.3.2 Bimodal Size Distribution 
The previous section described the effect of particle size on granule behavior for 
particles with unimodal size distributions. While the overall trends are similar to that of 
live C-4, the magnitudes of the stresses are significantly lower for the simulated materials 
studied than for the live material. To account for this discrepancy, and to create a simulated 
granule closer in mechanical composition to the live material, a secondary powder with a 
very small particle size distribution (>230 mesh) was added to the 30-40 mesh (large) silica 
in two mass fractions: one with 75% large silica and 25% small silica and one with 50% 
each large and small silica. 
Figure 7.11 shows the results of compression studies for granules created with 75% 







increases in the same manner as previously observed. Additionally, the overall behavior of 
the bimodal simulated C-4 is very similar to that of the live product. 
Figure 7.12 shows the peak flow stresses of simulated C-4 made with powder with 
a unimodal size distribution, simulated C-4 made with powders with a bimodal size 
distribution, and live C-4.  All of the granules prepared with 100% 30-40 mesh silica 
particles are weaker than both the granules with particles having a bimodal size distribution 
and the live composites. At 1 mm/s compression rate, the live C-4 is still moderately 
stronger than the granules made with particles with a bimodal size distribution. However, 
there is no statistical difference between the peak flow stresses of simulated C-4 made with 
particles with a bimodal size distribution and the live C-4. This suggests that a benign 
analog to live C-4 may be created and that the mechanical, compressive behavior of C-4 is 
controlled by the particle size distribution and binder properties. Further, the implication 
presented here is that the presence of a bimodal distribution is more significant than the 
amount of each size fraction included. For all compression rates, the granules prepared 
with 75% large silica are nearly identical to those prepared with only 50% large silica. 
Finally, it is important to note that while the composition of the particles compounded in 
the simulated C4 is quite different from that of the particles in the live C4, there is no effect 











































































































































































































































































































































This study has evaluated the influence of particle size and composition on the 
overall behavior of simulated C-4 in terms of average particle size, as well as the modality 
of the size distribution. The overall behavioral trends of simulated C-4 to live C-4 were 
similar in all cases. No material failure was observed – all granules were able to be removed 
following compression experiments in a single piece, and no major plane of failure was 
observed for any granule. Additionally, all granules exhibited similar compressive 
behavior: a peak flow stress followed by a decrease in observed stress. For all granules, as 
strain rate increased, the observed strength of the granules universally increased, as well. 
With respect to particle size distribution, a benign analog to live C-4 will require a 
























Figure 7.12. Peak flow stress as a function of increasing compression rate for simulated C-
4 compared with live C-4. For the bimodal distributions, the percentage refers to the mass 
fraction of 30-40 mesh silica, with the remaining mass fraction comprised of the >230 mesh 
silica. Note that 1, 10, and 100 mm/s correspond to strain rates 0.042±0.004, 0.431±0.076, 







for this study using inert, silica particles with an appropriate bimodal size distribution. 
Coupled with the results of a previous study, the clear conclusion is that the influence of 
the binder coupled with the bimodal size distribution results in the characteristic 
compressive behavior of live C-4 [160].  Finally, if the particle size distribution is prepared 
correctly, and if the composition of the binder is correct, the composition of the particles 









CHAPTER 8. CONCLUSIONS AND FUTURE DIRECTIONS 
8.1 Conclusions 
The primary goals of this research were to understand how granular Composition 
C-4 behaved in a compressive system and to create a benign analog with similar 
mechanical properties to the live explosive. The first step in understanding this problem 
was to consider each component (particle size distribution and binder viscosity) separately. 
The first half of this research evaluated the effect of binder viscosity with respect to particle 
size for Newtonian fluids, with a study of the influence of the C-4 binder following. Within 
each parameter, the effect of unimodal particle size distribution was compared with 
bimodal particle size distribution. 
Thus, the first segment of this work considered granules prepared with Newtonian 
binders and unimodal particle size distributions. This created a fundamental framework for 
comparison with the remaining segments. Additionally, the influence of binder viscosity 
was characterized: the lower viscosities presented in this research behave as expected in 
that the peak flow stress of the granules increases with increasing binder viscosity, as 
predicted by the first hypothesis discussed in Section 1.2. However, there exists a 
maximum (~300 Pa∙s for this work) above which increasing binder viscosity does not cause 
an increase in peak flow stress. This work also considered the uniformity of the primary 







Following the establishment of a foundation for comparison, the study was 
expanded to include bimodal particle size distributions. As expected, the addition of a much 
smaller particle size fraction filled many interstitial voids and increased the packing 
fraction of the granule, resulting in a significant increase to granular strength. For the 
granules evaluated here, the mere presence of a secondary size fraction incited the increase 
to peak flow stress, and the amount of the small powder included had a negligible effect. 
Accordingly, to create a benign analog to live Composition C-4, a bimodal distribution is 
a necessity. 
Before evaluating the effect of a bimodal distribution on simulated C-4, however, 
the effect of the non-Newtonian viscosity evaluated had to be considered. The original goal 
was to attempt to match the viscosity of an ideal, Newtonian fluid to that of the binder 
present in live C-4. However, an analysis of granules prepared with the non-Newtonian 
binder confirmed that this would not be possible due to the creation of microregions of 
varying viscosity within the granule throughout compression. Instead, the creation of a 
benign analog must include a non-Newtonian binder similar to that of the live explosive. 
While no plane of failure exists for any material studied as predicted by the second 
hypothesis in Section 1.2, the effect of the microregions does drive the energetic material 
to fail in a complex manner due to the nature of the non-Newtonian binder. 
The last segment of this work built on the first three. Clearly, the non-Newtonian 
binder must be used. Additionally, to achieve the overall strength of live C-4 granules, the 
powders used must have a bimodal size distribution. Once these factors were combined, a 
new granule was created that behaved remarkably similarly to that of live C-4. Hence, any 







replace the live explosive with a simulated, inert version. This was predicted by the third 
hypothesis in Section 1.2. 
One of the principle implications of this work is that this protocol evaluation may 
be conducted by a wide variety of research groups. Previously, all research required live 
explosives – limiting the research to those groups who were affiliated with either state or 
federal government agencies. Alternately, to conduct research involving any amount of 
explosive material required organizations obtain a Federal Explosives License. The 
research presented here eliminates the regulated component from the composite, removing 
the obstacles present to many who might otherwise wish to improve the state of trace 
explosives detection. 
 
8.2 Future Directions 
The research performed here has exciting implications, especially for the field of 
airport security. Ultimately, the industry would like to optimize swipe testing for the 
detection of trace explosives. This work suggests that – while the force of a swipe and the 
material of a swab are certainly important – the velocity of the swipe cannot be neglected. 
The next stage of this research is to evaluate the effect of swipe speed on residue removal 
efficiency. 
Current methods of evaluating particle removal efficiency rely on counting 
remaining particles. This research suggests that benign particles may be used in 
conjunction with a simulated C-4 binder to create residues. These particles may be 
fluorescent or have other tagging methods by which varying microscopy techniques may 







dislocation on a surface. Accordingly, all protocols relevant to swipe testing may be 
evaluated for composite explosives similar to Composition C-4. Due to the nature of the 
binder, swipe speed is likely to be among the first parameters evaluated in this manner. 
Another challenge facing the trace explosives detection field is the variability in 
fingerprinting residues, especially in conjunction with the need to have bulk explosives 
nearby for the creation of residues. As stated, the simulant created here eliminates the need 
to for live explosives during testing. Additionally, the simulant may be used identically to 
the live energetic materials for fingerprinting purposes. For example, some groups are 
attempting 3D printing of hands and fingers, and the simulant created here will not damage 
the apparatuses used in depositing residues. Additionally, the simulant is inexpensive, so 
much research may be conducted without concern to material restrictions (e.g., cost and 
availability). 
Finally, the research presented here is highly experimental. The next logical stage 
of this study from a granulation perspective is to create a fundamental, mathematical model 
of granular compression. This is not an easy task, but the idealized results presented here 
(as for granules prepared with spherical glass powders and Newtonian binders) will provide 
a benchmark for how the material is expected to behave. Additionally, the research 
presented here has shown several key features not previously considered, such as the 
impact of very high viscosity on granular compression, as well as the influence of a bimodal 
particle size distribution on the overall peak flow stress. These parameters will certainly be 
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Appendix A Supplemental Data to Chapter 4: Compressive Behavior of High 
Viscosity Granular Systems: Effects of Viscosity and Strain Rate 
This section provides supplemental data for Chapter 4: Compressive Behavior of 
High Viscosity Granular Systems: Effects of viscosity and strain rate. Section A.1 provides 
all of the average stress-strain curves for granules prepared with a unimodal particle size 
distribution (small glass, large glass, small silica, and large silica) and Newtonian binders 
(PDMS of viscosity 12.5 Pa∙s through 2,413 Pa∙s). Section A.2 shows viscosity comparison 
curves for each powder at an individual strain rate, along with data for the peak flow 
stresses for all comparisons. Section A.3 shows strain rate comparison curves for each 
powder and viscosity combination, along with the associated peak flow stress data. Section 
A.4 shows size and shape comparisons for all viscosities and strain rates, with associated 
peak flow stress data. Any raw data and supplemental files associated with these 
appendices may be found on the supplemental hard drive (MSweat). The files are organized 
according to the included index file: C:\MSweat\Index.docx, where ‘C:\’ references the 
drive letter for the hard drive. 
 
A.1 Stress-Strain Curves 
This section provides the average stress-strain curves associated with Chapter 4. 
Section A.1.1 provides the curves associated with granules prepared with small glass 
powder (50-70 mesh), and curves for granules prepared with the large glass powder (30-
40 mesh) are shown in Section A.1.2. Figures for the small (40-150 mesh) and large (30-







A.1.1 Granules with Small Glass Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of glass beads (50-70 mesh) compressed at 
1 mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.1) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.2 Granules with Small Glass Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of glass beads (50-70 mesh) compressed at 
10 mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.9) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.3 Granules with Small Glass Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of glass beads (50-70 mesh) compressed at 
100 mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, 
the first figure (Figure A.17) represents granules bound with 12 Pa∙s PDMS, the second 
shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.4 Granules with Large Glass Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of glass beads (30-40 mesh) compressed at 1 
mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.25) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.5 Granules with Large Glass Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of glass beads (30-40 mesh) compressed at 
10 mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.33) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.6 Granules with Large Glass Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of glass beads (30-40 mesh) compressed at 
100 mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, 
the first figure (Figure A.41) represents granules bound with 12 Pa∙s PDMS, the second 
shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.7 Granules with Small Silica Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of silica (40-150 mesh) compressed at 1 
mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.49) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.8 Granules with Small Silica Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of silica (40-150 mesh) compressed at 10 
mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.57) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.9 Granules with Small Silica Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the small size fraction of silica (40-150 mesh) compressed at 100 
mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.65) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.10 Granules with Large Silica Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of silica (30-40 mesh) compressed at 1 mm/s. 
Each consecutive figure depicts an increase in binder viscosity. Accordingly, the first 
figure (Figure A.73) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.11 Granules with Large Silica Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of silica (30-40 mesh) compressed at 10 mm/s. 
Each consecutive figure depicts an increase in binder viscosity. Accordingly, the first 
figure (Figure A.81) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.1.12 Granules with Large Silica Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 4 for 
granules prepared with the large size fraction of silica (30-40 mesh) compressed at 100 
mm/s. Each consecutive figure depicts an increase in binder viscosity. Accordingly, the 
first figure (Figure A.89) represents granules bound with 12 Pa∙s PDMS, the second shows 
granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the axial (bottom 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.2 Comparison Data by Viscosity 
This section provides a comparison of the data shown in Section A.1 by viscosity. 
Section A.2.1 provides the stacked stress-strain curves associated with granules prepared 
with small glass powder (50-70 mesh), and curves for granules prepared with the large 
glass powder (30-40 mesh) are shown in Section A.2.2. Figures for the small (40-150 mesh) 
and large (30-40 mesh) silica are given in Sections A.2.3 and A.2.4, respectively. Each 
section also contains the relevant comparison of peak flow stresses associated with each 
stacked stress-strain curve figure. 
 
A.2.1 Granules with Small Glass 
This section provides comparison of the data shown in Section A.1 by viscosity for 
granules prepared with the small size fraction of glass beads (50-70 mesh). Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure A.97) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Following 
each stacked stress-strain curve is a bar graph comparing the peak flow stresses for granules 




































































































































































































































































































































































































































































































































































































































































































A.2.2 Granules with Large Glass 
This section provides comparison of the data shown in Section A.1 by viscosity for 
granules prepared with the large size fraction of glass beads (30-40 mesh). Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure A.103) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Following 
each stacked stress-strain curve is a bar graph comparing the peak flow stresses for granules 



















































































































































































































































































































































































































































































































































































































A.2.3 Granules with Small Silica 
This section provides comparison of the data shown in Section A.1 by viscosity for 
granules prepared with the small size fraction of silica (40-150 mesh). Each consecutive 
figure depicts an increase in compression rate. Accordingly, the first figure (Figure A.109) 
represents granules compressed at 1 mm/s, the second shows granules compressed at 10 
mm/s, and the third shows granules compressed at 100 mm/s. Following each stacked 











































































































































































































































































































































































































































































































































































































































































































































A.2.4 Granules with Large Silica 
This section provides comparison of the data shown in Section A.1 by viscosity for 
granules prepared with the large size fraction of silica beads (30-40 mesh). Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure A.115) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Following 
each stacked stress-strain curve is a bar graph comparing the peak flow stresses for granules 






























































































































































































































































































































































































































































































































































































































































































A.3 Comparison Data by Strain Rate 
This section provides a comparison of the data shown in Section A.1 by strain rate. 
Section A.3.1 provides the stacked stress-strain curves associated with granules prepared 
with small glass powder (50-70 mesh), and curves for granules prepared with the large 
glass powder (30-40 mesh) are shown in Section A.2.2. Figures for the small (40-150 mesh) 
and large (30-40 mesh) silica are given in Sections A.2.3 and A.2.4, respectively. Each 
section also contains the relevant comparison of peak flow stresses associated with each 
stacked stress-strain curve figure. 
 
A.3.1 Granules with Small Glass 
This section provides comparison of the data shown in Section A.1 by strain rate 
for granules prepared with the small size fraction of glass beads (50-70 mesh). Each 
consecutive figure depicts an increase in binder viscosity. Accordingly, the first figure 
(Figure A.121) represents granules bound with 12 Pa∙s PDMS, the second shows granules 
bound with 29 Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.3.2 Granules with Large Glass 
This section provides comparison of the data shown in Section A.1 by strain rate 
for granules prepared with the large size fraction of glass beads (30-40 mesh). Each 
consecutive figure depicts an increase in binder viscosity. Accordingly, the first figure 
(Figure A.137) represents granules bound with 12 Pa∙s PDMS, the second shows granules 
bound with 29 Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.3.3 Granules with Small Silica 
This section provides comparison of the data shown in Section A.1 by strain rate 
for granules prepared with the small size fraction of silica (40-150 mesh). Each consecutive 
figure depicts an increase in binder viscosity. Accordingly, the first figure (Figure A.153) 
represents granules bound with 12 Pa∙s PDMS, the second shows granules bound with 29 
Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph comparing the 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.3.4 Granules with Large Silica 
This section provides comparison of the data shown in Section A.1 by strain rate 
for granules prepared with the large size fraction of silica beads (30-40 mesh). Each 
consecutive figure depicts an increase in binder viscosity. Accordingly, the first figure 
(Figure A.169) represents granules bound with 12 Pa∙s PDMS, the second shows granules 
bound with 29 Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.4 Comparison Data by Particle Size and Shape 
This section provides a comparison of the data shown in Section A.1 by particle 
size and shape. Section A.4.1 provides the stacked stress-strain curves associated with 
granules prepared with 12 Pa∙s PDMS binder, and curves for granules prepared with the 29 
Pa∙s PDMS binder are shown in Section A.4.2. Similarly, Section A.4.3 through Section 
A.4.8 provide the stacked stress-strain curves for granules prepared with 58 through 2,413 
Pa∙s PDMS binders, respectively. Each stacked stress-strain curve is followed by the 
relevant comparison of peak flow stresses. 
 
A.4.1 Granules Bound with 12 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 12 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.185) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 































































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.2 Granules Bound with 29 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 29 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.191) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 






























































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.3 Granules Bound with 58 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 58 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.197) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 






























































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.4 Granules Bound with 97 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 97 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.203) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 






























































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.5 Granules Bound with 289 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 289 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.209) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 





































































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.6 Granules Bound with 579 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 579 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A..215) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 





































































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.7 Granules Bound with 965 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 965 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure A.221) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 




































































































































































































































































































































































































































































































































































































































































































































































































































































































A.4.8 Granules Bound with 2,413 Pa∙s PDMS 
This section provides comparison of the data shown in Section A.1 by particle size 
and shape for granules prepared with 2,413 Pa∙s PDMS. Each consecutive figure depicts 
an increase in compression rate. Accordingly, the first figure (Figure A.227) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 











































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix B Supplemental Data to Chapter 5: Compressive Behavior of High 
Viscosity Granular Systems: Effect of Particle Size Distribution 
This section provides supplemental data for Chapter 5: Compressive Behavior of 
High Viscosity Granular Systems: Effect of particle size distribution. Section B.1 provides 
all of the average stress-strain curves for granules prepared with a bimodal particle size 
distribution (75% large silica mixed with 25% very small silica and 50% large silica mixed 
with 50% very small silica) and Newtonian binders (PDMS of viscosity 12.5 Pa∙s through 
2,413 Pa∙s). Section B.2 shows viscosity comparison curves for each particle mixture at an 
individual strain rate, along with data for the peak flow stresses for all comparisons. Section 
B.3 shows strain rate comparison curves for each particle mixture and viscosity 
combination, along with the associated peak flow stress data. Section B.4 shows modality 
comparisons for all viscosities and strain rates, with associated peak flow stress data. Any 
raw data and supplemental files associated with these appendices may be found on the 
supplemental hard drive (MSweat). The files are organized according to the included index 
file: C:\MSweat\Index.docx, where ‘C:\’ references the drive letter for the hard drive. 
 
B.1 Stress-Strain Curves 
This section provides the average stress-strain curves associated with Chapter 5. 
Section B.1.1 provides the curves associated with granules prepared with 75% large silica 
powder, and curves for granules prepared with the 50% large silica powder are shown in 







powder. The large silica referenced is the 30-40 mesh silica shown in Appendix A. The 
remaining mass fraction of particles is comprised of >230 mesh (very small) silica. 
 
B.1.1 Granules with 75% Large Silica Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 75% large silica 
compressed at 1 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.) represents granules bound with 12 Pa∙s PDMS, the 
second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in the 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.1.2 Granules with 75% Large Silica Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 75% large silica 
compressed at 10 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.9) represents granules bound with 12 Pa∙s PDMS, 
the second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.1.3 Granules with 75% Large Silica Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 75% large silica 
compressed at 100 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.17) represents granules bound with 12 Pa∙s PDMS, 
the second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.1.4 Granules with 50% Large Silica Compressed at 1 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 50% large silica 
compressed at 1 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.25) represents granules bound with 12 Pa∙s PDMS, 
the second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.1.5 Granules with 50% Large Silica Compressed at 10 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 50% large silica 
compressed at 10 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.33) represents granules bound with 12 Pa∙s PDMS, 
the second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.1.6 Granules with 50% Large Silica Compressed at 100 mm/s 
This section provides the average stress-strain curves associated with Chapter 5 for 
granules prepared with a bimodal particle size distribution using 50% large silica 
compressed at 100 mm/s. Each consecutive figure depicts an increase in binder viscosity. 
Accordingly, the first figure (Figure B.41) represents granules bound with 12 Pa∙s PDMS, 
the second shows granules bound with 29 Pa∙s PDMS, etc. Each image shows granules in 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.2 Comparison Data by Viscosity 
This section provides a comparison of the data shown in Section B.1 by viscosity. 
Section B.2.1 provides the stacked stress-strain curves associated with granules prepared 
with 75% large silica powder, and curves for granules prepared with the 50% large silica 
powder are shown in Section B.2.2. Each section also contains the relevant comparison of 
peak flow stresses associated with each stacked stress-strain curve figure. 
 
B.2.1 Granules with 75% Large Silica 
This section provides comparison of the data shown in Section B.1 by viscosity for 
granules prepared with a bimodal particle size distribution using 75% large silica. Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure B.49) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Following 
each stacked stress-strain curve is a bar graph comparing the peak flow stresses for granules 































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.2.2 Granules with 50% Large Silica 
This section provides comparison of the data shown in Section B.1 by viscosity for 
granules prepared with a bimodal particle size distribution using 50% large silica. Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure B.55) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Following 
each stacked stress-strain curve is a bar graph comparing the peak flow stresses for granules 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.3 Comparison Data by Strain Rate 
This section provides a comparison of the data shown in Section B.1 by strain rate. 
Section B.3.1 provides the stacked stress-strain curves associated with granules prepared 
with 75% large silica powder, and curves for granules prepared with the 50% large silica 
powder are shown in Section B.2.2. Each section also contains the relevant comparison of 
peak flow stresses associated with each stacked stress-strain curve figure. 
 
B.3.1 Granules with 75% Large Silica 
This section provides comparison of the data shown in Section B.1 by strain rate 
for granules prepared with a bimodal particle size distribution using 75% large silica. Each 
consecutive figure depicts an increase in binder viscosity. Accordingly, the first figure 
(Figure B.61) represents granules bound with 12 Pa∙s PDMS, the second shows granules 
bound with 29 Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.3.2 Granules with 50% Large Silica 
This section provides comparison of the data shown in Section B.1 by strain rate 
for granules prepared with a bimodal particle size distribution using 50% large silica. Each 
consecutive figure depicts an increase in binder viscosity. Accordingly, the first figure 
(Figure B.77) represents granules bound with 12 Pa∙s PDMS, the second shows granules 
bound with 29 Pa∙s PDMS, etc. Following each stacked stress-strain curve is a bar graph 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4 Comparison Data by Particle Size Distribution 
This section provides a comparison of the data shown in Section B.1 by particle 
size distribution. Section B.4.1 provides the stacked stress-strain curves associated with 
granules prepared with 12 Pa∙s PDMS binder, and curves for granules prepared with the 29 
Pa∙s PDMS binder are shown in Section B.4.2. Similarly, Section B.4.3 through Section 
B.4.8 provide the stacked stress-strain curves for granules prepared with 58 through 2,413 
Pa∙s PDMS binders, respectively. Each section also contains the relevant comparison of 
peak flow stresses associated with each stacked stress-strain curve figure. 
 
B.4.1 Granules Bound with 12 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 12 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure B.93) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.2 Granules Bound with 29 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 29 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure B.99) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.3 Granules Bound with 58 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 58 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure B.105) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.4 Granules Bound with 97 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 97 Pa∙s PDMS. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure B.111) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.5 Granules Bound with 289 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 289 Pa∙s PDMS. Each consecutive figure depicts 
an increase in compression rate. Accordingly, the first figure (Figure B.117) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.6 Granules Bound with 579 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 579 Pa∙s PDMS. Each consecutive figure depicts 
an increase in compression rate. Accordingly, the first figure (Figure B.123) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.7 Granules Bound with 965 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 965 Pa∙s PDMS. Each consecutive figure depicts 
an increase in compression rate. Accordingly, the first figure (Figure B.129) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.4.8 Granules Bound with 2,413 Pa∙s PDMS 
This section provides comparison of the data shown in Section B.1 by particle size 
distribution for granules prepared with 2,413 Pa∙s PDMS. Each consecutive figure depicts 
an increase in compression rate. Accordingly, the first figure (Figure B.134) represents 
granules compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and 
the third shows granules compressed at 100 mm/s. Following each stacked stress-strain 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix C Supplemental Data to Chapter 6: Compressive Behavior of Simulated 
Composition C-4: Influence of Binder Properties 
This section provides supplemental data for Chapter 6: Compressive Behavior of 
Simulated Composition C-4: Influence of binder properties. Section C.1 provides all of the 
average stress-strain curves for granules prepared with a unimodal particle size distribution 
(small glass, large glass, small silica, and large silica) and simulated C-4 binder (non-
Newtonian). The data for live Composition C-4 is also presented in Section C.1. Section 
C.2 shows strain rate comparison curves for each powder, along with the associated peak 
flow stress data. Section C.3 shows particle size and shape comparisons for all strain rates, 
with associated peak flow stress data. Any raw data and supplemental files associated with 
these appendices may be found on the supplemental hard drive (MSweat). The files are 
organized according to the included index file: C:\MSweat\Index.docx, where ‘C:\’ 
references the drive letter for the hard drive. 
 
C.1 Stress-Strain Curves 
This section provides the average stress-strain curves associated with Chapter 6. 
Section C.1.1 provides the curves associated with granules prepared with small glass 
powder (50-70 mesh), and curves for granules prepared with the large glass powder (30-
40 mesh) are shown in Section C.1.2. Figures for the small (40-150 mesh) and large (30-
40 mesh) silica are given in Sections C.1.3 and C.1.4, respectively. The data for live 








C.1.1 Granules with Small Glass 
This section provides the average stress-strain curves associated with Chapter 6 for 
granules prepared with the small size fraction of glass beads (50-70 mesh) prepared with 
the simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an increase 
in compression rate. Accordingly, the first figure (Figure C.) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 
























































































































































































































































































































































































































C.1.2 Granules with Large Glass 
This section provides the average stress-strain curves associated with Chapter 6 for 
granules prepared with the large size fraction of glass beads (30-40 mesh) prepared with 
the simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an increase 
in compression rate. Accordingly, the first figure (Figure C.4) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 
























































































































































































































































































































































































































C.1.3 Granules with Small Silica 
This section provides the average stress-strain curves associated with Chapter 6 for 
granules prepared with the small size fraction of silica (40-150 mesh) prepared with the 
simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an increase in 
compression rate. Accordingly, the first figure (Figure C.7) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 




























































































































































































































































































































































































































C.1.4 Granules with Large Silica 
This section provides the average stress-strain curves associated with Chapter 6 for 
granules prepared with the large size fraction of silica (30-40 mesh) prepared with the 
simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an increase in 
compression rate. Accordingly, the first figure (Figure C.10) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 




























































































































































































































































































































































































































C.1.5 Granules with Live Composition C-4 
This section provides the average stress-strain curves associated with Chapter 6 for 
granules prepared with live Composition C-4. Each consecutive figure depicts an increase 
in compression rate. Accordingly, the first figure (Figure C.13) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 


































































































































































































































































































































































C.2 Comparison Data by Strain Rate 
This section provides a comparison of the data shown in Section C.1 by strain rate. 
The data is presented as stacked stress-strain curves associated with granules prepared with 
small glass powder (50-70 mesh), large glass powder (30-40 mesh), small silica powder 
(40-150 mesh), and large silica powder (30-40 mesh) prepared with simulated C-4 binder 
as prepared in Chapter 3. The data for live Composition C-4 is also presented. Each stacked 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































C.3 Comparison Data by Size and Shape 
This section provides a comparison of the data shown in Section C.1 by particle 
size and shape. The data is presented as stacked stress-strain curves associated with 
granules prepared with small glass powder (50-70 mesh), large glass powder (30-40 mesh), 
small silica powder (40-150 mesh), and large silica powder (30-40 mesh) prepared with 
simulated C-4 binder as prepared in Chapter 3. The data for live Composition C-4 is also 
presented. Each consecutive figure depicts an increase in compression rate. Accordingly, 
the first figure (Figure C.26) represents granules compressed at 1 mm/s, the second shows 
granules compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. 



































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D Supplemental Data to Chapter 7: Compressive Behavior of Simulated 
Composition C-4: Influence of Particle Size Distribution 
This section provides supplemental data for Chapter 7: Compressive Behavior of 
Simulated Composition C-4: Influence of particle size distribution. Section D.1 provides 
all of the average stress-strain curves for granules prepared with a bimodal particle size 
distribution (75% large silica mixed with 25% very small silica and 50% large silica mixed 
with 50% very small silica) and simulated C-4 binder (non-Newtonian Section D.2 shows 
strain rate comparison curves for each particle mixture, along with the associated peak flow 
stress data. Section D.3 shows modality comparisons for all strain rates, with associated 
peak flow stress data. Any raw data and supplemental files associated with these 
appendices may be found on the supplemental hard drive (MSweat). The files are organized 
according to the included index file: C:\MSweat\Index.docx, where ‘C:\’ references the 
drive letter for the hard drive. 
D.1 Stress-Strain Curves 
This section provides the average stress-strain curves associated with Chapter 7. 
Section D.1.1 provides the curves associated with granules prepared with 75% large silica 
powder, and curves for granules prepared with the 50% large silica powder are shown in 
Section D.1.2.  The curves shown here are all prepared with a bimodal distribution of silica 
powder. The large silica referenced is the 30-40 mesh silica shown in Appendix A. The 








D.1.1 Granules with 75% Large Silica 
This section provides the average stress-strain curves associated with Chapter 7 for 
granules prepared with a bimodal particle size distribution using 75% large silica prepared 
with the simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure D.) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 










































































































































































































































































































































































































































































































































D.1.2 Granules with 50% Large Silica 
This section provides the average stress-strain curves associated with Chapter 7 for 
granules prepared with a bimodal particle size distribution using 50% large silica prepared 
with the simulated C-4 binder prepared in Chapter 3. Each consecutive figure depicts an 
increase in compression rate. Accordingly, the first figure (Figure D.4) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 










































































































































































































































































































































































































































































































































D.1.3 Granules with Live Composition C-4 
This section provides the average stress-strain curves associated with Chapter 7 for 
granules prepared live Composition C-4. Each consecutive figure depicts an increase in 
compression rate. Accordingly, the first figure (Figure D.7) represents granules 
compressed at 1 mm/s, the second shows granules compressed at 10 mm/s, and the third 
shows granules compressed at 100 mm/s. Each image shows granules in the axial (bottom 
































































































































































































































































































































































D.2 Comparison Data by Strain Rate 
This section provides a comparison of the data shown in Section D.1 by strain rate. 
The data is presented as stacked stress-strain curves associated with granules prepared with 
75% large silica powder and 50% large silica powder prepared with simulated C-4 binder 
as prepared in Chapter 3. The data for live Composition C-4 is also presented. Each section 
also contains the relevant comparison of peak flow stresses associated with each stacked 



































































































































































































































































































































































































































































































































































































































































































































D.3 Comparison Data by Particle Size Distribution 
This section provides a comparison of the data shown in Section D.1 by particle 
size distribution. The data is presented as stacked stress-strain curves associated with 
granules prepared unimodal (100% 30-40 mesh silica) and both bimodal size distributions 
(75% large and 50% large silica) with simulated C-4 binder as described in Chapter 3. Each 
consecutive figure depicts an increase in compression rate. Accordingly, the first figure 
(Figure D.16) represents granules compressed at 1 mm/s, the second shows granules 
compressed at 10 mm/s, and the third shows granules compressed at 100 mm/s. Each 
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